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Abstract
Light harvesting can be referred to the use of an ensemble of different nanoparticles, or
quantum dots, or other absorbers to optimize the ability to capture a given spectrum of
electromagnetic radiation (for example the solar spectrum under specific atmospheric
conditions) in a light-absorbing system. To this end, different nanoparticles play
complementary functions within the system and absorb or scatter light at different wavelength
intervals. Light harvesting finds applications in fields as diverse as solar cells, photosynthesis
and photocatalysis. Graphene supporting a set of different semiconducting nanoparticles has
often been proposed as light harvesters. To further this concept, my thesis has explored the
effect of few-layer graphene nanosheets on the optical properties of colloidal molybdenum
disulfide quantum dots (MoS2-QDs) and investigated the synthesis of tin/tin oxide
nanoparticles (SnOx-NPs) with a process compatible with their integration on graphene. Using
synchrotron X-ray absorption near-edge spectroscopy, we find that the density of unoccupied
electronic-states in MoS2-QDs is profoundly affected by their Van der Waals interaction with
few-layer graphene nanosheets (principally affecting the S K-edge) as well as quantum
confinement (mainly shifting the Mo L3 edge). As far as tin-based nanoparticles are concerned,
our revisitation, via X-ray photoelectron spectroscopy (XPS), of a popular synthesis approach
based on stannous acetate reduction, shows that this method is normally not yielding to metallic
Sn-NPs, but tin monoxide, even in oxygen-free atmospheres. Only the subsequent
disproportionation of SnO may perhaps lead to SnO2 and metallic tin because of heat released
from the reduction process. As SnO-NPs are an excellent optical absorber in the visible-near
infrared photon energy range, they will be an excellent complement to MoS2-QDs on few-layer
graphene nanosheets, in a novel graphene-based light-harvesting system.
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Few-layer graphene nanosheets, molybdenum disulfide, quantum dots, synchrotron radiation,
X-ray absorption near-edge spectroscopy, tin, tin oxides, optical properties.

ii

Summary for Lay Audience
Light-harvesting is one of the most important aspects of technological development. It finds
applications in the fields of solar cells, photosynthesis, photocatalysis, and more. The
application of nanoparticles and quantum dots for light harvesting has attracted a lot of interest
due to their unique physical properties. Different nanoparticles can absorb or scatter light at
different wavelengths, therefore using a set of various types of nanoparticles with would allow
capturing a required light spectrum for the light-harvesting. Graphene is a 2-dimensional form
of graphite but has different optical and electrical properties such as high conductivity. This
material with supporting semiconductor nanoparticles on its surface has often been proposed
as a promising light harvester. To further this concept, this thesis explored the effect of
graphene with several layers on the optical properties of colloidal molybdenum disulfide
nanoparticles (MoS2-QDs) and studied the way of synthesis of tin/tin oxide (SnOx)
nanoparticles, which would allow their simple integration onto the graphene surface. By
studying chemical composition and electronic states with the help of high-energy X-rays we
have observed that weak interaction forces, which are called van der Waals interactions, are
affecting sulfur species in MoS2-QDs, while functionalization of quantum dots has mostly
affected Mo species. As for the tin-based nanoparticles, after synthesis, they have been
extensively studied with the help of x-ray and the photoelectric effect, which they produce,
when interacting with the material. Based on this analysis it has been concluded that the
popular method of reducing tin containing material to achieve metallic tin nanoparticles
resulted in the creation of tin monoxide even in the oxygen-free atmosphere. As a result, we
can say that only transformation of SnO into the SnO2 and Sn nanoparticles is happening due
to the heat released during the reduction reaction of initial tin containing material. Overall, the
combination of SnO nanoparticles with MoS2-QDs on few-layer graphene nanosheets could
lead to a novel graphene-based harvesting system, as these nanoparticles would complement
each other and absorb different parts of the spectrum.
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Chapter 1
A review of nanostructured materials used and
studied in this thesis

1

1.1 Introduction
The attention to the one-layered materials and quantum dots has been growing in recent
years due to their unique physical and chemical properties. Graphene was the first
experimentally obtained 2D material in 2004 and now it is one of the most well studied 2D
materials providing a variety of applications due to its unique physical and chemical
properties. Being semimetal graphene is very promising for application in electronics and
nonlinear optics. [1] Such applications include solar cells, plasmonic graphene
waveguides, energy storage devices, light-emitting diodes, and others. [2]
The absence of bandgap in graphene is making it a good conductor, as it contains
delocalized π-bonded electrons and holes that are free to move across its surface, that is
why the incorporation of graphene with another 2D material or quantum dot which has a
suitable bandgap is of particular interest. One of such materials is molybdenum disulfide it
has an indirect bandgap in its bulk form and a direct bandgap in the monolayer form, which
resulted in huge interest in this material. [3] Quantum dots of MoS2 are of particular interest
due to their optical properties, they have found a lot of applications including optical
sensing, optoelectronic devices, and bioimaging. [4] By tuning their size and adding
functional groups it is possible to tune their optical properties for specific purposes.
Tin is one of the most wildly used metals in the semiconductor industry that is why Sn and
SnOx nanoparticles are being deeply investigated. They have found applications in
batteries, supercapacitors, gas sensing, and more. [5] Therefore, the implementation of
these nanoparticles on the surface of 2D material and the study of their interaction would
be of particular interest.

2

1.2 Review of graphene
1.2.1

Physical properties of graphene

Carbon is one of the most important chemical elements with the atomic number 6 and it is
the fourth most common element by mass in the universe. It has three main isotopes 12C
and 13C are stable ones and 14C is a radionuclide one. Carbon is a tetravalent element with
oxidation states of -4 – +4. Its electron configuration in the ground state is 1s22s22p2 (Figure
1.1a), in the excited state one electron is being promoted from 2s orbital to 2p orbital
resulting in the new configuration 1s22s12p3 (Figure 1.1b). Due the to mixing of its atomic
orbitals carbon can have three types of hybridization sp1, sp2, and sp3. sp1 hybridization
results in the mixing of two-electron orbitals s and p, while two unpaired electrons remain
in 2p orbitals (Figure 1.1c). [6] It occurs when carbon is bonded to two other atoms
resulting in 180o linear arrangement between bonds, examples of such molecule is carbon
dioxide. sp2 hybridization results in the mixing of one 2s and two 2p orbitals, third p-orbital
remains uncharged, and its perpendicular to sp2 orbitals. The arrangement between bonds
is 120o resulting in a triangular arrangement. An example of a molecule with sp2 hybridized
carbon is ethylene. sp3 hybridization results in the mixing of 2s and three 2p orbitals. It
occurs when carbon is bonded to four other atoms resulting in 109.5o tetrahedral
arrangement between bonds. [6] Examples of molecules with sp3 hybridization of carbon
are methane and ethane. This allows carbon to form a large variety of allotropes, crystalline
structures of the most common ones are depicted in Figure 1.2. [10]
The most common allotropes of carbon are diamond and graphite. Diamond carbon atoms
exhibit sp3 hybridization and have four nearest neighbors forming a tetrahedral structure.
Graphite is a layered material, which atoms are linked out of plane via van der Waals
interactions. The distance between planes 0.335 nm. [10] Graphite layers consist of carbon
atoms that are sp2 hybridized and bonded to three neighbors at 120 degrees angle in a
honeycomb lattice. [10]
A single layer of graphite is called graphene. Graphene was the first experimentally
discovered in 2004 and has been intensively studied due to its unique mechanical and
physical properties. [8] The honeycomb structure of graphene is demonstrated in Figure
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1.3a, b. The unit cell (Figure 1.3a) of Bravais lattice contains two carbon atoms, a1 and a2
are basis vectors having the same length and have the angle π/3 between them. Components
1
√3
𝑎0 ; 𝑎0 )
2
2

of the vectors a1 and a2 are (

1
√3
𝑎0 ; − 𝑎0 )
2
2

and (

respectively to the rectangular

coordinate system, where a0 = 0.25 nm. [8] Reciprocal lattice’s vectors b1 and b2 are
depicted in Figure 1.3b with the same length and having an angle 2π/3 between them. b1
and b2 vectors having the following components:
b1 = (

2𝜋

;

2𝜋

√3𝑎0 𝑎0

b2 = (

2𝜋

√3𝑎0

;−

);

2𝜋
𝑎0

).

(1.1)

(1.2)

Basis vectors of real space and reciprocal space are related by following 𝐚𝒊 ∙ 𝒃𝒋 = 2𝜋𝛿𝑖𝑗 ,
where i, j = 1,2. [8]

Figure 1.1: Electron configuration of C in: a) ground state; b) excited state; c) sp1
hybridization of electron orbitals; d) sp2 hybridization of electron orbitals; e) sp3
hybridization of electron orbitals.
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Figure 1.2: Examples of crystalline structure of selected carbon allotropes. [10] (Reprinted
with permission from Copyright Clearance Center, Inc.)

a)

b)

Figure 1.3: Honeycomb structure of single layer graphene: a) Bravais lattice with the
elementary unit cell (blue) and unit vectors a1 and a2; b) reciprocal lattice with reciprocal
vectors b1 and b2. The energy dispersion is obtained along with the triangle of high
symmetry points Г, К, М.
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Figure 1.4a demonstrates a band diagram of graphene, the valence and conduction bands
are “touching” at the K point of Brillouin Zone resulting in the formation of Dirac points
(Figure 1.4b). Due to that property of graphene band structure, it is usually named zerobandgap semiconductor or semimetal, as it has a high in-plane conductivity. Yet this is the
case for the infinite in-plane direction, otherwise, for the confined direction the electronic
structure will change. [12]

Figure 1.4: Electrical structure of graphene: a) band structure of graphene [11] b)
electronic dispersion in honeycomb lattice of graphene with the magnification on Dirac
point [12] (Reprinted with permission from the American Physical Society)

1.2.2

Synthesis methods of graphene

By being a 2D material graphene can be synthesized in various ways by top-down or
bottom-up approaches. The top-down approach means the usage of bulk as a starting
material, while the bottom-up focuses on the direct synthesis of material. The first
exfoliation of graphene was done in 2004 mechanically by applying the adhesive tape to
the bulk graphite with further transferring onto the silicon substrate. However, this method
isn’t providing highly reproducible flakes of graphene and cannot be scaled up for
industrial purposes.
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One of the most widely used methods of the bottom-up approach is the chemical vapor
deposition of graphene (CVD). [13] CVD is a vacuum deposition method, where the
substrate is being exposed to gaseous reactants supported by the carrier gas, which are
brought from the thermal decomposition of a precursor the typical CVD system is shown
in Figure 1.5. As the temperature of the substrate is set to a lower value than the temperature
of the gas thin film of the material is being deposited due to condensation. Molecules tend
to aggregate forming a uniform film on the surface of the substrate. This results in a highquality film with a minimized number of defects. For CVD synthesis of graphene gases
like methane are most commonly used due to its low pyrolysis rate as a precursor. As for
the substrate, metallic foils are commonly used, such as Cu, Ni, and more. However, one
of the major problems of the CVD synthesis method is the separation of the material from
the substrate it has been grown on, which limits its applications.

Figure 1.5: A schematics of usual CVD system. [14] (Reproduced with permission from
the Creative Commons Attribution 4.0 International License)
Another bottom-up method is the epitaxial growth of graphene on the SiC substrate. Under
high temperatures (~1100 oC) and low pressure (~10-6 torr), the surface of the substrate
tends to be reduced to graphene. This happens as Si atoms are leaving the surface due to
the thermionic emission, which results in the aggregation of carbon atoms on the surface
of our substrate. This method provides graphene of high crystalline quality with a low
number of defects per surface area. Epitaxial growth of graphene on SiC provides
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advantages in terms of integration with modern Si-based electronic devices. The issue with
this method is also the ability to transfer graphene onto another surface and its production
cost. [15 - 17]
As bottom-up approaches may provide graphene with a smaller concentration of defects,
their application is limited to scalability and cost of production. That is what top-down
approaches try to overcome being simpler to use. One of such methods is a mechanical
exfoliation mentioned earlier. Another most common top-down approach is a chemicalassisted exfoliation by reduction of graphene from graphene oxide. In this method, bulk
graphite is being usually treated with Hummer’s method. [18] Graphite powder is being
mixed with sulfuric acid, potassium permanganate, and sodium nitrate. This treatment
results in a reduction of van der Waals forces making the space between graphite layers
increase. For further achieving graphene oxide rapid heating or sonication are being used
to exfoliate sheets. In order to reduce graphene oxide to graphene heating material in
oxygen free atmosphere is usually being applied. The main advantage of such synthesis is
its low cost with large scalability. However, the method is producing graphene
nanoplatelets and uniformly continuous graphene film can’t be achieved with this
approach.
Another top-down approach, it is the solution-based exfoliation of graphene, where
graphite powder is being mixed with the surfactants following further sonication. The role
of surfactant, in this case, is to prevent exfoliated graphene sheets from merging into
graphite. Most commonly in such a way graphene-based nanoplatelets are being
synthesized, which are platelets of multilayer graphene. One of the examples of such
synthesis is described by Sharifi et al. [19] and is being used in this work. The first step
involves the pretreatment of graphite with sulfuric and nitric acids following the treatment
with Piranha solution to increase the interlayered spacing in graphite. Next, in this method
RNA is being used as a nonionic surfactant, nucleotides along the RNA fibers contain both
hydrophobic and hydrophilic parts. The hydrophobic base of RNA is getting attached to
the graphene platelets via van der Waals forces and the hydrophilic part is keeping
graphene nanoplatelets dispersed in the water solution. This results in a suitable condition
for the stable suspension of graphene nanoplatelets. In order to achieve a higher output of
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graphene nanoplatelets, ultrasonication is being applied to the solution. After that solution
of graphene nanoplatelets and RNA can be coated onto the substrate obtaining a conductive
film after annealing. Figure 1.6 demonstrates Raman peak and SEM images of graphene
films obtained with this methodology. [19] Advantage of this approach is the low cost and
biocompatibility of the synthesized graphene-nanoplatelets.

Figure 1.6: a) Raman spectra for sparse (lower spectrum) and dense (upper spectrum) films
of Graphene nanoplatelets-RNA at 532 nm excitation. The downshifted 2D peak reveals
that the sparse film is dominated by single-layer graphene flakes, while the upshifted 2D
peak for the dense film indicates the thickness of the flakes increases in this sample; b,c)
Optical images of the b) sparse and c) dense films on silicon coated with 300-nm SiO2.[19]
(Reproduced with permission from John Wiley and sons license)
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Review of the properties of molybdenum disulfide

1.3
1.3.1

Physical and optical properties of 2D and 0D molybdenum
disulfide systems

Molybdenum disulfide belongs to transition metal dichalcogenides type of materials. It is
a layered material with the molecular formula MoS2, where Mo atoms are positioned
between S atoms. Similarly, to graphene MoS2 layers are holding together via van der
Waals forces, which makes it possible for their mechanical exfoliation. Bulk MoS2 is a
diamagnetic indirect band-gap semiconductor with a band-gap of 1.29 eV. The most
common application of this material is for lubrication due to its low friction and strength.
MoS2 bulk can exist in three different phases shown in Figure 1.8. They are described by
atoms’ coordination. 1T phase is having octahedral, 2H – triagonal prismatic, and 3R –
rhombohedral coordination. [3] The 3R phase exists only for the bulk MoS2, this type of
MoS2 can be used for the hydrogen evolution for instance. [23] 1T and 2H phases exist in
monolayer MoS2. The 1T phase is considered to exhibit metallic characteristics, while the
2H phase is considered to be a semiconductor. However, the 1T phase is metastable and
the 2H phase is the most stable state of MoS2. The 2H phase could be transformed into the
1T phase by the application of external perturbations.
Monolayer MoS2 has the same honeycomb structure as graphene. The unit cell of MoS2 is
depicted in Figure 1.8. It is consisting of three atom basis: one Mo and two S atoms. The
two Bravais vectors:
a1 = (𝑎0 ; 0);
1
√3
𝑎 ; − 𝑎0 ),
2 0
2

a2 = (

(1.3)
(1.4)

to the rectangular coordinate system, where a0 = 0.316 nm. [24] Bond length between Mo
and S atoms in this compound is 0.24 nm, while the distance between Mo and S planes is
0.156 nm with the 40.6o angle between Mo and S. [24, 25] The Brillouin zone of MoS2 has
also hexagonal structure same as depicted in Figure 1.4b. [24] Its reciprocal basis vectors:
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Figure 1.7: Structural phases of MoS2 due to different coordination of Mo and S atoms.
[23] (Reproduced with permission from Creative Commons Attribution 3.0 Unported
Licence)

Figure 1.8: Honeycomb lattice of monolayer MoS2 with the elementary unit cell (blue)
and unit vectors a1 and a2. Yellow circles are representing two sulfur atoms on top of each
other.
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Figure 1.9 shows a band diagram for the bulk and monolayer MoS2. In the monolayer state,
MoS2’s band gap is becoming direct and has a value of ~1.8 eV, which makes MoS2 a good
semiconductor alternative to graphene. The single layer of MoS2 was reported to be able
to absorb about 10% incident light with a photon energy higher than its bandgap. [27] MoS2
monolayers show two photoluminescence peaks at 1.92 eV and 2.08 eV corresponding to
A and B excitons, due to the splitting of the valence band at the K point of the Brillouin
zone, as a result of spin-orbit coupling. These optical transitions are temperature stable due
to the high binding energy of excitons. [25]

Figure 1.9: Band diagram of bulk and monolayer MoS2 demonstrating the indirect
bandgap in bulk and direct bandgap in monolayer material. It can be seen that indirect band
gap vanishes, while only direct one remains in monolayer regime. [25] (Reproduced with
the permission of Creative Commons Attribution 3.0 Unported Licence)
Quantum dot can be defined as size-dependent semiconductor nanoparticles, which are
usually smaller than 50 nm and exhibit different properties to the bulk material due to the
effects of quantum confinement. Quantum dots of MoS2 experience a blue shift in their
absorption spectra in comparison to the bulk or monolayer material due to the decrease of
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lateral size. The bonding, which is associated with 𝑑𝑥 2−𝑦2 and 𝑑𝑥𝑦 orbitals of Mo species
resulting in increasing of the bandgap, as a result the smaller the quantum dots the larger
bandgap will be. The emission energy, which comes from the recombination of electrons
and holes, depends on the size of the quantum dot. The typical fluorescence spectra of
MoS2-QDs are shown in Figure 1.10. [4] The larger the quantum dot the emission is more
in the red spectrum, the smaller the quantum dot the emission is shifting towards the blue
part of the spectrum due to the increased bandgap. Moreover, the size of a quantum dot is
also affecting the fluorescence lifetime, as larger dots’ energy levels are spaced closer,
where electron-hole pair could be trapped, as a result having a longer lifetime than in small
dots. [28, 29]

Figure 1.10: (a) Excitation dependent fluorescent spectrum of ~17 nm MoS2 NPs. (b)
Variation in emission 3 peak position with excitation wavelength. (c) Variation of the
relative quantum yield with particle size. [4] (Reproduced with the permission from
Copyright Clearance Center, Inc.)
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1.3.2

Synthesis of molybdenum disulfide quantum dots

A number of approaches for the synthesis of MoS2-QDs have been developed. The
synthesis approach for MoS2 quantum dots is similar to the synthesis of other nanomaterials
like 2D materials and semiconductor quantum dots. They can be synthesized with bottomup (e.g. CVD, hydrothermal synthesis) or top-down approaches (e.g. mechanical and
solvent exfoliation). [31] The top-down approach involves exfoliation of MoS2 layers from
the bulk material with a further decrease of the monolayer size to quantum dot parameters.
The main issue with the top-down approach is the ability to precisely control the uniformity
of particle sizes, but this approach is much cheaper and scalable in comparison with
bottom-up methods. Bottom-up methods allow to precisely control nanoparticles sizes
through the control of precursors amounts or experimental conditions.
One of the examples of the bottom-up approach is hydrothermal synthesis, where aqueous
solutions or vapors at high pressure are being used to synthesize precursors into the desired
material. With this method molybdate [MoO4]2- is being used as a Mo precursor and is
being reduced by S precursors (e.g. L-cysteine, thioglycolic acid, glutathione,
dibenzyldisulfides, thiourea, sodium sulfide, N-acetyl-l-cysteine, and more). The main
disadvantage of such a method is the creation of by-products, which are hard to separate
from the synthesized material.
Another bottom-up method involves the growth of nanoclusters, which is the structure that
consist of small number of atoms, in micellar cages in nonaqueous solvents. For instance,
Wilcoxon et al. have used molybdenum (iv) halide salt as a Mo precursor by dissolving it
inside cages and mixing it with another inverse micellar solution containing sulfur
precursor, such as metal sulfide or hydrogen sulfide. [30] In this method the size of
nanoclusters can be controlled by the size of Mo salt micellar cages. The main advantage
of such approach is that nanocluster suspension is homogenous and stable in a nonpolar
fluid. However, this is a costly way of synthesis for the scale-up process.
One of the most commonly used top-down synthesis methods is liquid exfoliation with the
sonication process. This process is based on the physical phenomenon known as acoustic
cavitation, which means formation, expansion, and collapse of bubbles into high-energy
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jets resulting in break of the layered crystalline structure thus exfoliating sheets. Sonication
is often followed by refluxing and high-speed centrifugation processes, which help to
remove undesirably large particles. For example, Liu et al. were able to achieve particle
sizes of 9 nm (Figure 1.11) for MoS2-QDs and less by sonication of a mix of ethanol and
water with MoS2 powder in it following high-speed centrifugation at 10000 rpm. [31]
Exfoliation of bulk MoS2 can also be done with the help of lithium intercalation. In this
process atoms of Li are being inserted at the crystal gap between bulk MoS2 layers. Figure
1.12 is showing an example of fabrication steps for the creation of MoS2-QDs. [32]
Intercalation is followed by ultrasonication for further exfoliation and high-speed
centrifugation, resulting in obtaining MoS2-QDs with strong fluorescence. The main
advantage of such approach is the controllable narrow size distribution of synthesized
quantum dots, but the downside is that it requires purification steps after intercalation of
Li species (Figure 1.12). Such a method can be used for obtaining dots for optoelectronics
and biological labeling.

(b)

Figure 1.11: TEM image of the MoS2 QDs with the average size distribution synthesized
via liquid exfoliation method. (a) TEM image; (b) average sizes of QDs [31] (Reproduced
with the permission from AIP publishing license)
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Figure 1.12: Fabrication steps of MoS2-QDs involving Li intercalation steps. Intercalation
of Li helps to separate MoS2 layers. [32] (Reproduced with the permission from CCC
Terms and Conditions)
Another approach to the synthesis of quantum dots is the usage of electrochemically
induced Fenton reaction (Figure 1.13), which is done in the electrolytic cell. Chemistry of
it can be described as following:
𝑂2 + 2𝑒 − + 2𝐻 + → 𝐻2 𝑂2 ;
𝐹𝑒 2+ + 𝐻2 𝑂2 + 𝐻 + → 𝐹𝑒 3+ + ∙𝑂𝐻 + 𝐻2 𝑂 ;
An electrolytic cell is a three-electrode system, which contains MoS2 and FeSO4 with some
H2SO4 for pH control. Fenton reaction relies on the generation of H2O2 on the cathode site
and in the presence of ferrous ions the hydroxyl groups are being formed (Equation 1.1 and
1.2). [33] Oxygen is being supplied to the electrolytic cell to make the H2O2 concentration
constant. This results in the regeneration of Fe2+, which gives a high number of hydroxylic

16

groups. Thus, the synthesis of MoS2-QDs occurs as a result of the etching of MoS2
nanosheets by a large number of hydroxyl radicals. The degree of etching could be
controlled by the reaction time. The advantage of such a process is that MoS2-QDs are
produced more uniform in diameter, and do not agglomerate. However, the disadvantage
is in the by-products of the reaction and possible oxidation of quantum dots thus produced.

Figure 1.13: Schematics of electrochemically induced Fenton reaction for the production
of MoS2-QDs according to Li et. al. [33] (Reproduced with the permission from CCC
Terms and Conditions)
Another top-down approach, consists in the application of time-modulated laser ablation
of a bulk MoS2 target in water, as proposed by Li et al. [34] In this method, the laser at 800
nm wavelength (with laser pulses of 50 fs duration) is applied to the MoS2 bulk target,
which is submerged in distilled water. Schematics in Figure 1.14 demonstrates the main
steps of this method. [34] The main processes, which are responsible for the creation of
quantum dots in this approach are MoS2’s multilevel photoexfoliation and photoionizationenhanced light absorption of water. Basically, the first incoming laser’s subpulse creates
heated electrons on the bulk’s surface, as a result, it reduces van der Waals forces between
MoS2’s layers due to the Coulomb repulsion, which leads to separation of monolayers. The
second subpulse increases the Coulomb repulsion, because of the induced ionization, as a
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result providing a higher level of exfoliation. Moreover, the first subpulse ionizes the water
resulting in the higher electron density and enhancing the absorption of the second
subpulse, which provides a larger yield of quantum dots. After the laser treatment resulting
solution is being centrifuged. The advantage of such methodology is its environmental
friendliness with a low level of hazardous byproducts, but it is hard to produce quantum
dots of uniform size applying such an approach.

Figure 1.14: Schematics of temporally shaped laser ablation of bulk MoS2 target in water
for the synthesis of MoS2-QDs [34] (Reproduced with permission from the Creative
Commons Attribution 4.0 International License)
In our work preference was given to liquid phase exfoliation with ultrasonication due to its
low cost and simplicity. Our approach was based on the work of Anbazhagan et al. [35] At
first powder of bulk MoS2 is being treated with thioglycolic acid, which plays the role of
exfoliation ligand and links to MoS2 via thiol chemistry thus making it soluble in water.
After functionalization solution is treated with ultrasonication followed by high-speed
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centrifugation for achieving functionalized MoS2-QDs solution. The main advantage of
such method is solubility of prepared quantum dots in water and their high
biocompatibility.

1.4
1.4.1

Review of tin and tin oxide nanoparticles
Properties of tin and tin oxide nanoparticles

Tin appears in the two main allotrope states: white β-tin and grey α-tin. Figure 1.15 shows
unit cells for crystalline structures of tin’s phases. The lattice constant for the grey tin is
0.6489 nm and for the white tin: a = b = 0.5831 and c = 0.3181 nm. White tin is having a
body-centered tetragonal crystalline structure and density of 7.31 g/cm3 and it undergoes a
phase transition at temperatures below 13.2 oC to grey tin, which has a face-centered
diamond-cubic crystalline structure with the density of 5.77 g/cm3 and it is stable in low
temperatures. α-tin is considered to be a semiconductor as its atoms form covalent bonds.
Moreover, tin can form γ and σ phases under high temperatures (above 160 oC) and high
pressure (above 14 GPa). [36, 37] Tin was one of the first studied superconductors, it
becomes a superconductor at 3.7 K. [38] Tin nanoparticles are being used to reduce the
soldering temperature, in Li-ion batteries by being incorporated in anode electrode to
increase battery’s performance. [39]

a)

b)

Figure 1.15: Unit cells for crystalline structures of metallic tin: a) white β-tin phase; b)
grey α-tin phase.
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c)

d)

Figure 1.16: Crystalline and band structure of SnO crystal: a) crystal structure with layers
in the a-b plane stacked along the c-axis; b) crystal structure viewed along the c-axis; c)
Brillouin zone for tetragonal tin monoxide with k-points; d) band structure of SnO. [40]
(Reproduced with the permission from CCC Terms and Conditions)
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Tin has two main oxides SnO and SnO2, which exhibit different characteristics. SnO is a
p-type semiconductor with hole mobility up to 15-25 cm2V−1s−1 and exists in two major
forms: stable black form and metastable red form. Black SnO has a tetragonal layered
structure depicted in Figure 1.16a, b. [40] Tin atoms tend to arrange in the zig-zag pattern
in their layers. The lattice constants for the black tin are a = 0.38 nm and c = 0.48 nm. [41]
The Brillouin zone structure is shown in Figure 1.16c and the band structure is depicted in
Figure 1.16d. [40] SnO has a small indirect bandgap of 0.7 eV at Г-М points of Brillouin
zone and a direct bandgap of 2.5-3.0 eV between Г-Z points. [42] Moreover, under the
pressure of 9.2 GPa and temperature of 1.4 K tends to become a superconductor. [43]
In the inert atmosphere, tin monoxide undergoes a disproportionation reaction (equation
1.3-1.4).[44] At the first step, it produces metallic tin and intermediate tin Sn3O4. This
oxide further breaks down to black tin and tin (iv) oxide. This reaction could also be used
for the synthesis of tin nanoparticles. As SnO properties can be tuned by change of its
dimensionality its nanoparticles found applications in catalysis, optoelectronics, and
biosensors. [45]
4𝑆𝑛𝑂 → 𝑆𝑛3 𝑂4 + 𝑆𝑛;
𝑆𝑛3 𝑂4 → 2𝑆𝑛𝑂2 + 𝑆𝑛.
SnO2, also being called stannic oxide, is an n-type semiconductor with a direct bandgap of
3.6 eV. [46] It has a rutile type tetragonal crystalline structure (Figure 1.17a, b) with lattice
constants a = b = 0.474 nm and c = 0.319 nm. [46] The unit cell of tin dioxide contains two
tin atoms and four oxygen atoms. Figure 1.18d demonstrates a band diagram. Properties of
this material can be tuned by reducing its size. That is why SnO2 nanoparticles have found
applications in gas sensing, photocatalysis, and Li-ion batteries, so their further integration
with 2D materials would be of great interest to make a new generation of devices [5]
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a)

c)

b)

d)

Figure 1.17: Crystalline and band structure of tin dioxide: a) atomic arrangement of Sn
and O atoms in the rutile tetragonal unit cell; [46] b) unit cell with C2h local symmetry;
(Reproduced with the permission from Creative Commons license) c) Brillouin zone for
tin dioxide with k-points; d) band structure of SnO2. [47]

1.4.2

Synthesis methods of tin and tin oxide nanoparticles

Except for tin monoxide, tin and tin oxides don’t have a layered crystalline structure unlike
MoS2 and Graphite, therefore synthesized nanoparticles won’t be monolayers, but rather
have a spherical or rhombical shape. Synthesis of these types of nanoparticles mostly
focuses on the bottom-up approaches, as they provide material of higher purity.

22

The main approach to the synthesis of tin nanoparticles is through the chemical reduction
method. In this method, tin and other precursors react resulting in a reduction of tin, which
is kept dispersed by the presence of a capping agent. In such method, usage of sodium
borohydride as a powerful reducing agent in the presence of alcohol is common. For
instance, Sang-Soo Chee et al. have used as a tin precursor tin (II) acetate dissolved in
diethylene glycol, which has been further mixed with sodium borohydride and
polyvinylpyrrolidone as a capping agent. [48] In such a way they were able to obtain
nanoparticles size between 2 and 60 nm in diameter. Overall, this process can be described
by the following equations:
𝐵𝐻4− + 8𝑂𝐻 − + 4𝑆𝑛2+ → 𝐵(𝑂𝐻)−
4 + 4𝐻2 𝑂 + 4𝑆𝑛;
which can be separated into two steps:
−
𝐵𝐻4− + 8𝑂𝐻 − → 𝐵(𝑂𝐻)−
4 + 4𝐻2 𝑂 + 8𝑒 ;

4𝑆𝑛2+ + 8𝑒 − → 4𝑆𝑛.
Tin monoxide nanoparticles could be synthesized via the wet chemistry method or
hydrothermal method. In the hydrothermal method, the material is being crystallized in a
high-temperature solution under high vapor pressure. An example of hydrothermal
synthesis of SnO nanoparticles has been used by Sun et al. [49] Here SnCl2·2H2O was used
as a precursor, which has been dissolved in a solution of cetyltrimethyl ammonium
bromide, after addition of NaOH solution was kept under 150 oC for crystallization of SnO
to appear. [49] Size of synthesized particles can be tuned by the amount of precursor and
time of hydrothermal synthesis. Another way of synthesis for SnO nanoparticles is
refluxing of tin (II) hydroxide in the solution of water proposed by Jaśkaniec et al. [50] In
this approach size of the nanoparticles is being controlled by refluxing time and
temperature.
Tin dioxide nanoparticles can be synthesized with the hydrothermal method as well. For
instance, spherical tin dioxide nanoparticles with an average diameter of 5.2 nm were
obtained by Liu et al. [51] For that SnCl4·5H2O has been used as a precursor, which has
been dissolved in the liquid ammonia followed by hydrothermal treatment Teflon-lined
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stainless-steel autoclave. The size and morphology of synthesized particles here depend on
the temperature and time of synthesis as well as the pH of the solution.
Microwave-assisted synthesis is another way for SnO2 synthesis. By irradiating a mixture
of SnCl4·5H2O and NaOH solution with 150 W power at 150 C Liu et al. were able to
synthesize SnO2 nanoparticles with an average diameter of 4 nm. [52, 53] The advantage
of this method is its fast and uniform heating rate without overheating solvents. Moreover,
particles have a narrow size distribution. Other ways of SnO2 quantum dot synthesis
include such methods as electron-beam irradiation, pulsed laser ablation decomposition,
solution refluxing, sonication, interfacial reaction, and more. [53]
In our work for the synthesis of tin monoxide modified chemical reduction method was
used for its low cost and efficiency.

1.5

Summary and thesis overview

In chapter 1 of this thesis, the physical and optical properties of studied nanostructures in
this work have been discussed. Ways of their synthesis with pros and cons have been
reviewed. From the review, it can be seen that chosen materials would be of particular
interest for the usage in the novel light-harvesting systems due to their unique physical
properties, which can be partially controlled on the nanoscale level. Therefore, the study
of the interaction between quantum dots and 2D material is significant for building nextgeneration light harvesters.
Chapter 2 discusses the physics and basic operation principles of techniques, which have
been used to study our synthesized materials and composites. Chapters 3 is based on our
work, where optical properties of MoS2-QDs free-standing and graphene-based
nanoplatelets have been studied. In chapter 4 we have studied a modified method of tin/tin
oxide nanoparticles synthesis based on further integration them onto the surface of
graphene. Chapter 5 concludes the work, which has been done in this thesis and discusses
future work.

24

1.6

References

[1] Latil, S., Henrard, L. (2006). Charge carriers in few-layer graphene films. Physical
Review Letters, 97(3), 036803.
[2] Randviir, E. P., Brownson, D. A. C., Banks, C. E. (2014). A decade of graphene
research: Production, applications and outlook. Materials Today, 17(9), 426–432.
[3] Samy, O., Zeng, S., Birowosuto, M. D., El Moutaouakil, A. (2021). A review on MoS2
properties, synthesis, sensing applications and challenges. Crystals, 11(4), 355.
[4] Bhattacharya, D., Mukherjee, S., Mitra, R. K., Ray, S. K. (2020). Size-dependent
optical properties of MoS2 nanoparticles and their photo-catalytic applications.
Nanotechnology, 31(14), 145701.
[5] Chen, D., Huang, S., Huang, R., Zhang, Q., Le, T.-T., Cheng, E., Hu, Z., Chen, Z.
(2018). Highlights on advances in SnO2 quantum dots: Insights into synthesis strategies,
modifications and applications. Materials Research Letters, 6(9), 462–488.
[6]

LibreTexts.

(2021,

March

3).

Hybrid

Orbitals.

https://chem.libretexts.org/@go/page/837
[7] Torbatian, Z., Asgari, R. (2018). Plasmonic physics of 2D crystalline materials. Applied
Sciences, 8(2), 238.
[8] Novoselov, K. S., Jiang, D., Schedin, F., Booth, T. J., Khotkevich, V. V., Morozov, S.
V., Geim, A. K. (2005). Two-dimensional atomic crystals. Proceedings of the National
Academy of Sciences, 102(30), 10451–10453.
[9] Geim, A. K., Novoselov, K. S. (2007). The rise of graphene. Nature Materials, 6(3),
183–191.
[10] Oganov, A. R., Hemley, R. J., Hazen, R. M., Jones, A. P. (2013). Structure, bonding,
and mineralogy of carbon at extreme conditions. Reviews in Mineralogy and
Geochemistry, 75(1), 47–77.

25

[11] Latil, S., Henrard, L. (2006). Charge carriers in few-layer graphene films. Physical
Review Letters, 97(3), 036803.
[12] Castro-Neto, A. H., Guinea, F., Peres, N. M., Novoselov, K. S., Geim, A. K. (2009).
The electronic properties of graphene. Reviews of Modern Physics, 81(1), 109–162.
[13] Avouris, P., Dimitrakopoulos, C. (2012). Graphene: synthesis and applications.
Materials Today, 15(3), 86–97.
[14] StremChemicals Inc. (2019, May 10). Bubblers and cylinders for CVD/ALD.
https://www.azonano.com/article.aspx?ArticleID=3423.
[15] Sutter, P. (2009). How silicon leaves the scene. Nature Materials, 8(3), 171–172.
[16] Juang, Z.-Y., Wu, C.-Y., Lo, C.-W., Chen, W.-Y., Huang, C.-F., Hwang, J.-C., Chen,
F.-R., Leou, K.-C., Tsai, C.-H. (2009). Synthesis of graphene on silicon carbide substrates
at low temperature. Carbon, 47(8), 2026–2031.
[17] Bhuyan, M.S.A., Uddin, M.N., Islam, M.M. et al. (2016) Synthesis of graphene. Int.
Nano Letters, 6, 65–83.
[18] Zaaba, N. I., Foo, K. L., Hashim, U., Tan, S. J., Liu, W.-W., Voon, C. H. (2017).
Synthesis of graphene oxide using modified Hummers method: Solvent Influence.
Procedia Engineering, 184, 469–477.
[19] Sharifi, F., Bauld, R., Ahmed, M. S., Fanchini, G. (2011). Transparent and conducting
graphene-rna-based nanocomposites. Small, 8(5), 699–706.
[20] Mengjie Liu, Xuesha Zhang, Wenyu Wu, Ting Liu, Yanyan Liu, Bin Guo, Ruijun
Zhang. (2019). One-step chemical exfoliation of graphite to ∼100% few-layer graphene
with high quality and large size at ambient temperature. Chemical Engineering Journal,
355, 181-185.
[21] Parvez, K., Yang, S., Feng, X., Müllen, K. (2015). Exfoliation of graphene via wet
chemical routes. Synthetic Metals, 210, 123–132.

26

[22] Xu, Y., Cao, H., Xue, Y., Li, B., Cai, W. (2018). Liquid-phase exfoliation of graphene:
an overview on exfoliation media, techniques, and challenges. Nanomaterials, 8(11), 942.
[23] Toh, R. J., Sofer, Z., Luxa, J., Sedmidubský, D., Pumera, M. (2017). 3R phase Of
MoS2 and WS2 outperforms the corresponding 2H phase for Hydrogen evolution. Chemical
Communications, 53(21), 3054–3057.
[24] Ridolfi, E., Le, D., Rahman, T. S., Mucciolo, E. R., Lewenkopf, C. H. (2015). A tightbinding model for MoS2 monolayers. Journal of Physics: Condensed Matter, 27(36),
365501.
[25] Bromley, R. A., Murray, R. B., Yoffe, A. D. (1972). The band structures of some
transition metal dichalcogenides. Journal of Physics C: Solid State Physics, 5(7), 759–778.
[26] Ossila. (n.d.). Molybdenum Disulfide, MoS2: Theory, structure & applications.
https://www.ossila.com/pages/molybdenum-disulfide-mos2.
[27] Piper, J. R., Fan, S. (2016). Broadband absorption enhancement in solar cells with an
atomically thin active layer. ACS Photonics, 3(4), 571–577.
[28] Guo, Y., Li, J. (2020). MoS2 quantum dots: Synthesis, properties and biological
applications. Materials Science and Engineering: C, 109, 110511.
[29] Kabel, J., Sharma, S., Acharya, A., Zhang, D., Yap, Y. K. (2021). Molybdenum
disulfide quantum dots: properties, synthesis, and applications. Journal of Carbon research,
7(2), 45.
[30] Wilcoxon, J. P., Newcomer, P. P., Samara, G. A. (1997). Synthesis and optical
properties Of MoS2 and isomorphous nanoclusters in the quantum confinement regime.
Journal of Applied Physics, 81(12), 7934–7944.
[31] Gan, Z. X., Liu, L. Z., Wu, H. Y., Hao, Y. L., Shan, Y., Wu, X. L., Chu, P. K. (2015).
Quantum confinement effects across two-dimensional planes in MoS2 quantum dots.
Applied Physics Letters, 106(23), 233113.

27

[32] Qiao, W., Yan, S., Song, X., Zhang, X., He, X., Zhong, W., Du, Y. (2015).
Luminescent monolayer MoS2 quantum dots produced by multi-exfoliation based on
lithium intercalation. Applied Surface Science, 359, 130–136.
[33] Li, B. L., Chen, L. X., Zou, H. L., Lei, J. L., Luo, H. Q., Li, N. B. (2014).
Electrochemically induced fenton reaction of few-layer mos2 nanosheets: preparation of
luminescent quantum dots via a transition of nanoporous morphology. Nanoscale, 6(16),
9831–9838.
[34] Li, B., Jiang, L., Li, X., Ran, P., Zuo, P., Wang, A., Qu, L., Zhao, Y., Cheng, Z., Lu,
Y. (2017). Preparation of monolayer MoS2 quantum dots using temporally shaped
femtosecond laser ablation of bulk MoS2 targets in water. Scientific Reports, 7(1), 11182.
[35] Anbazhagan, R., Wang, H.-J., Tsai, H.-C., Jeng, R.-J. (2014). Highly concentrated
MoS2 nanosheets in water achieved by thioglycolic acid as stabilizer and used as
biomarkers. RSC Adv., 4(81), 42936–42941.
[36] Molodets, A. M., Nabatov, S. S. (2000). Thermodynamic potentials, diagram of state,
and phase transitions of tin on shock compression. High Temperature, 38(5), 715–721.
[37] Zeng, G., McDonald, S. D., Gu, Q. F., Sweatman, K., Nogita, K. (2013). Effects of
element addition on the β→α transformation in tin. Philosophical Magazine Letters, 94(2),
53–62.
[38] De Haas, W. J., De Boer, J., Van den Berg, G. J. (1935). The electrical resistance of
cadmium, thallium and tin at low temperatures. Physica, 2(1-12), 453–459.
[39] Riedel, O., Düttmann, A., Dühnen, S., Kolny-Olesiak, J., Gutsche, C., Parisi, J.,
Winter, M., Knipper, M., Placke, T. (2019). Surface-modified tin nanoparticles and their
electrochemical performance in lithium-ion battery cells. ACS Applied Nano Materials,
2(6), 3577–3589.
[40] Miller, S. A., Gorai, P., Aydemir, U., Mason, T. O., Stevanović, V., Toberer, E. S.,
Snyder, G. J. (2017). SnO as a potential oxide thermoelectric candidate. Journal of
Materials Chemistry C, 5(34), 8854–8861.

28

[41] Wang, X., Zhang, F. X., Loa, I., Syassen, K., Hanfland, M., Mathis, Y.-L. (2004).
Structural properties, infrared reflectivity, and Raman modes of SnO at high pressure.
Physica Status Solidi (b), 241(14), 3168–3178.
[42] Krishna, K. M., Sharon, M., Mishra, M. K., Marathe, V. R. (1996). Selection of
optimal mixing ratios to obtain suitable photoelectrodes from mixed semiconductors using
band gap calculations. Electrochimica Acta, 41(13), 5-16.
[43] Chen, P.-J., Jeng, H.-T. (2015). Phase diagram of the layered oxide SnO: GW and
electron-phonon studies. Scientific Reports, 5(1), 16359.
[44] Moreno, M. (2001). Kinetic study of the disproportionation of tin monoxide. Solid
State Ionics, 144(1-2), 81–86.
[45] Durga-Prasad, P., et al. (2017) Synthesis, characterization of tin oxide nanoparticles
via autoclave synthesis protocol for H2 sensing. International Journal of Nanotechnology
and Applications, 11(3), 265-276
[46] Cojocaru, B., Avram, D., Kessler, V., Parvulescu, V., Seisenbaeva, G., Tiseanu, C.
(2017). Nanoscale insights into doping behavior, particle size and surface effects in
trivalent metal doped SnO2. Scientific Reports, 7(1), 9598
[47] Das, S., Jayaraman, V. (2014). SnO2: A comprehensive review on structures and gas
sensors. Progress in Materials Science, 66, 112–255.
[48] Chee, S.-S., Lee, J.-H. (2012). Reduction synthesis of tin nanoparticles using various
precursors and melting behavior. Electronic Materials Letters, 8(6), 587–593.
[49] Sun, G., Wu, N., Li, Y., Cao, J., Qi, F., Bala, H., Zhang, Z. (2013). Hydrothermal
synthesis of honeycomb-like SnO hierarchical microstructures assembled with nanosheets.
Materials Letters, 98, 234–237.
[50] Jaskaniec, S., et al. (2020). Solvent Engineered Synthesis of Layered SnO
Nanoparticles for high-performance anodes.

29

https://www.researchgate.net/publication/345315887_Solvent_Engineered_Synthesis_of_
Layered_SnO_Nanoparticles_for_High-Performance_Anodes
[51] Liu LZ, Wu XL, Gao F, et al. (2011) Determination of surface oxygen vacancy
position in SnO2 nanocrystals by Raman spectroscopy. Solid State Commun. 151(11), 811–
814.
[52] Liu X, Pan L, Chen T, et al. (2013) Visible light photocatalytic degradation of
methylene blue by SnO2 quantum dots prepared via microwave-assisted method. Catal Sci
Technol. 3(7), 1805–1809.
[53] Chen, D., Huang, S., Huang, R., Zhang, Q., Le, T.-T., Cheng, E., Hu, Z., Chen, Z.
(2018). Highlights on advances in SnO2 quantum dots: Insights into synthesis strategies,
modifications and applications. Materials Research Letters, 6(9), 462–488.

30

Chapter 2

2

Experimental analysis techniques

In this chapter technics, which have been used for the analysis of the samples, are being
described. Atomic force microscopy (AFM), transmission electron microscopy (TEM), and
scanning electron microscopy (SEM) were used for the morphological characterization of
synthesized samples. For the analysis of optical properties, UV-VIS spectroscopy and
photoluminescence studies were performed. In order to understand the nature of the
interaction between MoS2-QDs and GNP the synchrotron XANES measurements were
carried out at the Canadian Light Source at the SGM and SXRMB beamlines. EDX has
been used to get information about the chemical environment of our samples with the
atomic percentage of certain elements. The XPS analysis was made for analysis of the
chemical composition of synthesized Sn and SnOx nanoparticles.

2.1 Atomic force microscopy
The first AFM was performed in 1986 by Binning et al. [1] It is a high-resolution surfacesensitive technic, which has found its applications in many research fields such as physics,
engineering, chemistry, and more. [2] AFM system work is based on the interaction
between a cantilever and a sample. These interactions are caused by three main forces: van
der Waals interaction, chemical forces (such as Morse potential, Stillinger-Webber
potential, and Tersoff potential), and repulsive forces. Van der Waals interactions between
the cantilever tip and analyzed sample are based on the Coulomb interactions between
neutral atoms which are locally being charged. The shape of the cantilever tip also defines
the power laws for the van der Waals potential. For instance, in the case of spherical tip
and flat surface the van der Waals potential and force respectively will be [2, 3]:

𝑉𝑣𝑑𝑊 = −
𝐹𝑣𝑑𝑊 = −

𝐴𝐻 𝑅
6𝑧
𝐴𝐻 𝑅
6𝑧 2

;

(2.1)

;

(2.2)

where R – is the radius of the spherical; z – the closest distance between the cantilever tip
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and sample’s surface; AH – Hamaker’s constant, which is determined by the physical
properties of materials (polarizability and density of used cantilever tip and sample).
Chemical interactions between tip and sample can be described via the Morse potential. It
is an approximation of covalent bond interactions, which are short-range forces acting on
the distance of 0.1 – 0.2 nm. Morse potential can be defined as [2]:
𝑉𝑀𝑜𝑟𝑠𝑒 = −𝐸𝑏𝑜𝑛𝑑 (2𝑒 −𝑘(𝑧−𝜎) − 𝑒 −2𝑘(𝑧−𝜎) ),

(2.3)

where Ebond – bonding energy; σ – equilibrium distance; 1/κ – decay length.
Repulsive forces between the cantilever tip and sample are also described as ionic
repulsion. A short-range repulsion will appear when two atoms approaching and their
electronic wave functions overlap resulting in the repulsion by Columb force. Repulsive
and attractive interactions could be described through Lennard-Jones potential [2]:
𝜎 6

𝜎 12

𝑟

𝑟

𝑉𝐿𝐽 = −4𝜀 [( ) − ( ) ],

(2.4)

where ε – depth of potential well; σ – the distance at which potential energy is zero; r – the
distance between two interacting particles. Which defines Figure 2.1.
AFM can be used in three different modes depending on the way the tip interacts with the
sample. Figure 2.1 shows the dependence of tip-sample interacting force from the space
between tip and sample based on Lennard-Jones potential, where different regions of
operating AFM modes are specified. AFM usually operates in contact, tapping, and noncontact method. In the contact mode of AFM, the cantilever tip is in constant physical
contact with the surface of the sample. In this mode forces between surface and tip are
repulsive, so it operates in the repulsive region of Lennard-Jones potential. As the tip and
surface remain in close contact, they can be damaged in the scanning process or a tip might
pick up some residue from the surface of the sample resulting in artifacts appear in the
scanning image. [2]
When AFM operates in the tapping mode the tip of the cantilever is being oscillated up and
down at or near its resonant frequency. The amplitude of oscillation changes as the tip
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approaches the surface of the sample, while it is kept constant when the tip does not interact
with the sample. To provide oscillation to the tip piezo-elements are usually being used
other methods involve AC magnetic field, thermal expansion, and more. The phase of the
tip oscillations with respect to the driving signal also provides information about the
difference in the material in the scanned sample due to the difference in its adhesion due
to the different amounts of power dissipated during oscillations. In the tapping mode
surface and the tip receive less damage due to the shorter interaction time, but the tip still
may pick up some residue from the sample’s surface.

Figure 2.1: AFM operation regions (repulsive and attractive) in Lennard-Jones potential
with specified AFM modes of operation such as contact, tapping, and non-contact modes.
In the non-contact operation mode of AFM, the tip of the cantilever does not touch the
surface of the sample, therefore, operating in the attractive region of the Lennard-Jones
potential. In this mode, a tip is being oscillated at or near its resonant frequency with the
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amplitude usually less a nanometer, which is smaller than in tapping mode. In this mode,
van der Waals forces and other long interaction forces are changing oscillation frequency
and providing the signal to the system. Change of the phase of oscillation provides
information about the different types of materials, which are present on the sample’s
surface. The advantage of such an approach is the absence of the risk that the tip or surface
will be damaged during the scan, but it is more complex in measurements performance.
Figure 2.2 demonstrates a typical AFM setup, which consists of laser, photodiode, AFM
stage, and AFM probe. AFM probes usually consist of a cantilever with a tip made of
silicone. When the cantilever is moving across the sample during the scanning process the
incoming light from the laser is being reflected from the cantilever to the photodiode, which
tracks the deflection of the incoming light. The electronics feedback loop assures that the
constant interaction force is preserved when the tip is moving across different features of
the sample. [4]

Figure 2.2: Typical schematics of AFM system, consisting of AFM probe, AFM scanner,
laser, photodiode, and detector with electronics feedback.
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2.2

Transmission electron microscopy

Transmission electron microscopy (TEM) is a type of microscopy, where a beam of
electrons is being transmitted through the analyzed sample. The thickness of the analyzed
sample has to be less than 150 nm, so electrons will be able to pass through it and reach
the detector. The first TEM was performed in 1931 by Ernst Ruska and Max Knoll. [5]
After that, it has been a widely used imagining technic, which has been used in various
fields such as chemistry, material science, and biology.
TEM has the same working principle as optical microscopy, but the transmitted electrons
are being registered (Figure 2.3). TEM provides much higher imaging resolution in
comparison with traditional optical microscopy, as electrons have a smaller de Broglie
wavelength. This allows obtaining images with a high resolution up to 0.2 nm. Figure 2.4a
shows a typical diagram of TEM components. It can be seen that the TEM has a similar
configuration of lenses in its system as optical microscopes. To create an electron beam,
the high voltage of the order 100 – 300 kV is being applied to the cathode (electron source)
of TEM, after that electron source will emit electrons into the vacuum through thermionic
or field electron emission. For the cathode usually, such materials as tungsten or lanthanum
hexaboride are being used. After the electron source has emitted electrons, they are being
focused by electromagnetic lenses into the fine beam. These lenses can operate in the
electrostatic or magnetic regime.
Figure 2.4 demonstrates the typical schematics outline of electromagnetic lens’ structure,
which is being used in the TEM. After the electron beam has been focused and passed
through the sample the transmitted electrons are being detected by the fluorescence screen
or camera. Therefore, forming an image of the sample in the camera. Some of the
transmitted electrons undergo scattering due to the interaction with the sample, these
electrons can be used in electron energy loss spectroscopy, which provides information
about the chemical composition of the analyzed sample. So, it is possible to use TEM for
chemical analysis with slight modifications.
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Figure 2.3: Schematics of interaction between the electron beam and a sample with
different types of signals, which are being obtained and registered. [22] (Reproduced with
the permission from Creative Commons license)
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Figure 2.4: Schematics of microscope: a) transmission electron microscope; b) optical
microscope for comparison. [6] (Reproduced with the permission for Springer Nature
License)

2.3

Scanning electron microscopy

Scanning electron microscopy (SEM) is another type of microscopy where the electron
beam is being used for imagining, but instead of working in transmission like TEM, it is
registering signal, which comes from the surface of the analyzed sample from the
backscattered electrons or secondary electrons (Figure 2.3). Unlike in TEM thickness of
the analyzed sample isn’t important SEM, but its conductivity is. The first high-resolution
SEM has been performed by Zworykin et al. in 1942. [8]
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Figure 2.5: Schematic diagram of electromagnetic lenses. [7] (Reproduced with the
permission CC BY-SA 4.0)
The main principle for forming an electron beam to perform sample analysis and imaging
is the same as in TEM. The electron guns, which are being used for SEM are working based
on thermionic, Shottky, or field emission. Emitted electrons can be accelerated due to the
voltage difference between cathode and anode. Usually, for SEM operation these voltages
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are between 0.1 and 50 keV. It is an important parameter for the analysis as it defines the
energy of incoming electrons and how the charged sample is. As the produced electron
beam by the gun is wide it is being focused by series of electromagnetic lenses, which are
concentrating the emitted beam into the spot, which in size varies between 0.1 to 5 nm.
The last set of lenses are called deflection lenses (Figure 2.7), which are being used to
control the position of the electron beam on the sample and move it from point to point
during the scanning process. Commonly two pairs of deflection coils are being used in
order to precisely control the position of the beam. The first pair of coils is responsible for
the deflection of the incoming beam from the optical axis of the SEM, while the second
one is bending the beam onto the axis at the pivot point of the scan. [10]

Figure 2.6: Typical schematics of scanning electron microscope. [8] (Reprinted with the
permission from CC BY 3.0)
The two signals to register, which are most commonly being used for the SEM analysis,
are coming from backscatter electrons or secondary electrons (Figure 2.3). Figure 2.8
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demonstrates the main difference in the emission of these two types of registered electrons,
where backscattered electrons are electrons from the electron beam, which has been
scattered back to the detector. This type of electron is sensitive to the elements, as heave
elements accelerate electrons more than light elements, which results in their brighter
appearance during the scanning process. Secondary electrons are the ones, which have been
ejected from the valence or conduction bands of the analyzed material due to the inelastic
scattering of incoming electrons during the interaction with the electron beam. The signal
from the secondary electrons is very sensitive to the surface, as mostly electrons, which
have been generated near the surface are able to reach the detector because those which
have been generated on the deeper levels are getting reabsorbed by the sample itself. The
position of the detector for the secondary electrons is usually located on the side and it
attracts secondary electrons with the electrically biased mesh. On the other hand, a detector
for the backscattered electrons is positioned directly above the sample, as the registered
electrons have too high energy to be attracted by the detector and they are being emitted at
the solid angle.
SEM has four main imaging modes of operation: resolution mode, high-current mode,
depth-of-focus mode, and low-voltage mode. These modes are being defined by one of the
four major electron beam parameters. These parameters are the electron probe size, the
electron probe current, electron beam accelerating voltage, and the electron probe
convergence angle. Probe size is the diameter of the spot of the electron beam on the
surface of the analyzed material. The electron probe current can be defined as the current,
which affects the sample and creates a signal. The electron probe convergence angle is
defined as half of the angle of the incoming electron beam cone, which is coming to the
sample. In the resolution mode, the probe size parameter is kept as small as possible, while
keeping the probe current on a sufficient level to achieve a signal of high quality.
Resolution mode is usually being used, when high magnification is needed (>10000 times).
The high-current mode is being used when the electron current probe is kept high. It is
being used for the best quality images with a high level of contrast. This mode is also being
used, when x-ray analysis is done with the help of SEM. In the depth-of-focus mode, the
convergence angle is kept as small as possible, which allows resolving tiny features at
different heights during the scan if the sample’s surface isn’t smooth enough. In the low-
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voltage mode, the acceleration voltage is kept as low as possible (< 5keV), which provides
more detailed information about the surface, as the sample is getting charged less. Also,
this mode is being used, when the damage to the sample has to be minimized.

Figure 2.7: Detailed schematics of SEM microscope column [9] (Reprinted with the
permission from CC BY-SA 4.0)
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Figure 2.8: Emission mechanism of secondary and backscattered electrons, when electron
beam interacts with atoms inside the sample.

2.4

Energy-dispersive X-ray spectroscopy

Energy-dispersive X-ray spectroscopy (EDX) is the type of spectroscopy. Which allows
obtaining elemental and chemical information about the sample. The basic principle of
EDX is shown in Figure 2.9, the incoming electron from the electron beam is forcefully
removing an electron from the inner shell creating a hole in its place as a result of the
electron from the outer shell, which has higher energy. The energy difference between
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outer and inner shells is being released as X-rays, which are being detected by the EDX.
The energy of emitted X-rays is specific for the energy difference between two shells and
the atomic structure of their element. Positions of peaks for the elements can be predicted
by Moseley’s law with great accuracy. [11, 12] Therefore EDX provides information on
the element composition of analyzed material and concentration of each element with
respect to others. The structure of EDX is the same as for SEM (Figure 2.6), but the detector
for the X-ray signal is being installed and positioned next to the sample. [12]

Figure 2.9: Emission mechanism of EDX.
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2.5

X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a widely used surface-sensitive technic due to
its simplicity, which is based on the photoelectric effect. XPS is used to determine the
chemical and electronic structure of the analyzed sample. It probes material with x-ray
radiation, which kicks out the core electrons resulting in their ejection into the vacuum
(Figure 2.10a). [13] This effect can be described by the standard equation:
𝐸𝐾 = ℎ𝑣 − 𝐸𝐵 − 𝜑;

(2.5)

Where EK – kinetic energy of the emitted photoelectrons; hv – the energy of incoming xrays; EB – binding energy of the emitted electron; φ – work function of the sample (Figure
2.10 b).
During the XPS analysis the work function of the spectrometer is being adjusted to the
work function of the sample, which leads to the simplification of equation 2.5:
𝐸𝐾 = ℎ𝑣 − 𝐸𝐵 ;

(2.6)

XPS spectrum is showing the energy distribution of emitted photoelectrons, but for better
understanding, it is commonly being plotted with respect to the binding energies for a
simpler interpretation of the data. Different core levels provide different peaks in the XPS
spectrum. Their intensities depend on the photoionization cross-section. Additionally, the
peaks from core-levels XPS spectra show Auger and plasmon peaks. [14]
XPS is commonly being used to identify the oxidation state of the element. The peak’s
position is changing with the respect to the oxidation state and can be compared with
standard values in the databases to determine the oxidation state of the analyzed material.
This chemical energy shift is the result of a change of core electron binding energy due to
the change in the chemical bonding of the element. [14] Figure 2.11 shows a typical
example of such energy shift for the 2p peak of aluminum metal with oxidation state 0 and
aluminum oxide with oxidation state +3. It can be seen that after bonding with oxygen Al
2p peak shifts towards higher binding energy. [15]
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Figure 2.10: a) Schematics of emission process of core electron due to the photoelectric
effect in the metal; b) Schematics of the band diagram of the analyzed sample and
spectrometer. [13] (Reproduced with the permission from CC BY 3.0)

Figure 2.11: Aluminum 2p XPS spectrum of the thin aluminum oxide on the aluminum
metal. A difference in binding energies of two peaks can be observed. [15] (Reproduced
with the permission from John Wiley and Sons)
Figure 2.12 shows a common setup for XPS, which consists of the X-ray source and
concentric hemispherical analyzer. As a source for x-rays can be used a metal anode or
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synchrotron radiation source. The energy of produced x-rays is defined by the anode
material and on the electron beam current striking the anode. XPS with metal anode as an
x-ray source has a limited mean free pass due to the low energy x-rays, as a result, it can
probe up to 5 nm in the depth of the bulk sample. The concentric hemisphere analyzer plays
a role to focus magnify and detect the emitted x-rays.

Figure 2.12: Schematics of typical XPS setup. [16] (Reproduced with the permission from
CC BY-SA 4.0)
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2.6

Synchrotron based X-ray near edge absorption

spectroscopy
Synchrotron radiation is one of the most efficient sources of soft (50eV – 5 keV) and hard
x-rays (>5keV), where emission is provided by the accelerated relativistic electrons. Xrays have a relatively small wavelength (between 0.01 and 10 nm), which allows us to
obtain information on the atomic scales. Moreover, synchrotrons can produce light from
the infrared spectrum to hard x-rays. Another advantage of a synchrotron is that it provides
collimated and bright X-rays, which are polarized, tunable and coherent. [16]
Basically, synchrotron radiation can be described as electromagnetic energy, which is
being emitted, when the path of the relativistic electron, which is moving at a speed close
to the speed of light, is being altered by the external magnetic field. [17] The energy of
radiated power can be described by using the following equation:
𝑃=

2 𝐸2𝑐
3 𝜌2

𝛽4 𝛾 4 ;

(2.7)

Where P – radiated power; E – energy of the relativistic electron; c – speed of light in
vacuum; β – is equal speed of the electron over the speed of light and equal to 1 for the
relativistic electrons;

1
𝛾

– opening angle; ρ – radius of the curvature. Figure 2.13

demonstrates the mentioned values and process of generation for synchrotron radiation.
Radiated power is coming in tangent direction to the bending of charged particle.
The synchrotron light source consists of the booster ring, storage ring, where electrons are
being circulated, bend magnets, and beamlines, which are end stations for the generated xrays. Typical schematics of synchrotron light source is shown in the Figure 2.14a. For
generation of x-rays three types of magnetic elements are being used: undulators, wigglers,
and bending magnets (Figures 2.15b).

47

Figure 2.13: Schematics of generation process for the synchrotron radiation. [18]
(Reproduced with the permission of Copyright Clearance Center)

a)

b)

Figure 2.14: a) schematics of synchrotron light source; [19] b) synchrotron radiation
regimes. [18] (Reproduced with the permission of Copyright Clearance Center)
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The beamlines for the X-ray absorption spectroscopy can usually operate in three different
modes: transmission, total electron yield (TEY), and total fluorescence yield (FY). In the
transmission mode, the intensity of the transmitted signal is being registered by the ion
chamber, which is filled with inert gas. The transmission mode is bulk sensitive, but its
applications are limited as thick samples won’t be able to transmit light. In the FY mode
the X-ray fluorescence, which is excited by the incident X-rays, is being collected. FY
mode is bulk sensitive as it has a big penetration depth. The main disadvantage of this
operational mode is that X-ray absorption features can be distorted in the thick samples
due to the self-absorption effect. In the TEY mode, the complete yield of all electrons is
being measured due to the incident X-ray light. TEY is a surface-sensitive technic, as
electrons due to their charge and low mass are being severely affected by the surrounding
electromagnetic forces, therefore with TEY, it is possible to probe only within a few
nanometers’ depths in the sample.
One of the most common analyses, where synchrotron radiation is being used, is X-ray
near edge absorption spectroscopy (XANES). During the X-ray absorption process the
photon electric field excites a core electron into the unoccupied bond states or into the
continuum. Typical names of absorption edges are shown in Figure 2.15. During the
transitions, excited electron is following the dipole selection rule for allowed dipole
transitions. XANES is related to the part of the absorption spectrum, which includes about
20 eV below the absorption edge and 50 eV above the absorption edge. XANES provides
information about the local atomic structure, as a result revealing local symmetry structure,
chemical oxidation state, and density of unoccupied electronic states. XANES signal is a
result of multiple scattering with the nearest neighbors. The area under the curve in
resonance is determined by the density of unoccupied states and transition matrix element.
The position of the resonance absorption peak is determined by the chemical environment
of the element, charge distribution, and interatomic distances within the material. For
example, the resonance absorption peak shifts to higher energies as the oxidation state
increases.
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Figure 2.15: Assignment of X-ray lines for the XAS analysis. [20] (Reprinted with the
permission from CC BY 3.0)

2.7

Conclusion

In this chapter techniques, which have been used for the analysis in the following chapters,
have been discussed. TEM has been used to obtain information about the shape and size of
synthesized MoS2-QDs. AFM has been used to obtain thickness profiles for MoS2-QDs
film and MoS2-QDs deposited onto the graphene-based nanoplatelets. SEM provided
information about the size of synthesized tin/tin oxide nanoparticles and for the imaging of
MoS2-QDs on graphene-based nanoplatelets. UV-VIS and photoluminescence analysis
have provided complementary information about the optical properties of MoS2-QDs and
tin/tin oxide nanoparticles. XPS was applied to obtain information about the chemical
composition and oxidation state of tin in the tin/tin oxide nanoparticles. Synchrotron-based
XANES analysis was performed to understand the interaction between MoS2-QDs and
graphene-based nanoplatelets.
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Chapter 3

3

Effect of the edge functionalization and van der

Waals

interactions

on

the

optical

properties

of

molybdenum disulfide quantum dots
3.1 Introduction
Transition-metal dichalcogenides are layered materials, which contain in their unit cell one
transition metal (Mo or W) and two chalcogen atoms (S, Se, or Te). The particular interest
in such materials was brought due to the dependence of their optical and electrical
properties on their thickness and dimensionality.[1] MoS2 is one of such materials, which
has been widely investigated after the discovery of graphene, as a monolayer
semiconductor material with a direct bandgap of 1.8 eV. [2] In its zero-dimensional form
as quantum dots, MoS2 undergoes strong edge and quantum confinement effects, which
allows tuning its electrical and optical properties. [3] That is why it has found a variety of
applications in optical sensing, electrocatalysis, solar cells, energy, and electronic devices.
Moreover, due to MoS2’s biocompatibility, these quantum dots could also be used in
biosensing and imagining. [4-7]
In many of such applications, the optical properties of the material in the UV-VIS photon
energy range are of paramount importance. Furthermore, we can manipulate and tune the
optical properties of MoS2-QDs by simply manipulating their size. Moreover, many MoS2QDs applications require their interaction with other 2D materials [8-9], such as graphene,
which should induce the charge transfer. That is why a deep understanding of optical
properties of MoS2-QDs free-standing and on the graphene based nanoplatelets (GNP) is
crucial. Unfortunately, interpretation of the optical transitions of colloidal MoS2-QDs still
relies on the work of Wilcoxon [10-11] on the isomorphous MoS2 nanoparticles. Figures
3.1a and 3.1b are showing the UV-VIS and band structure of the MoS2 nanoparticles
studied by them.
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According to Wilcoxon et al. [11], peaks A1 and B1 in Figure 3.1(a) correspond to the direct
transitions at the K point of the Brillouin Zone. A difference between these two peaks is of
the order 0.2 eV due to the spin-orbit splitting of the valence band at the K point of the
Brillouin Zone. Peaks C and D also correspond to the direct transitions at the M point of
Brillouin Zone from the deep valence band to the conduction band. Peak Z is associated
with the direct transitions at the M point of the Brillouin Zone from the valence band. [11]
However, the explanation for optical transitions in the colloidal MoS2-QDs is being relied
on the electronic band structure of bulk MoS2 in the short-range regime. Moreover, only
quantum confinement is being considered for the explanation of optical spectra for
colloidal MoS2-QDs, while effects on the boundaries and surface are being ignored.

(a)

(b)

Figure 3.1: (a) Optical absorption spectra of two bulk crystalline samples: 1 – synthetic
crystal; 2 – natural crystals. Curves 3, 4, and 5 are corresponding to the nanocluster samples
with diameters of 4.5, 3.0, and 2.5 nm, respectively; (b) Portion of the band structure of
MoS2, showing transitions which correspond to the absorption features in (a) (Reproduced
with permission of Wilcoxon et al.) [11]
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Here, we would like to address effects of functional groups at the edges of colloidal
quantum dots and the effect of van der Waals interaction at the surface of MoS2-QDs, when
they are being deposited onto GNP sheets as support material, onto the optical properties
of the synthesized colloidal quantum dots.

3.2
3.2.1

Experimental
Molybdenum disulfide quantum dots synthesis

MoS2-QDs were synthesized with a top-down approach via the liquid exfoliation method.
At first 7.6 g of MoS2 powder (Sigma-Aldrich, CAS Number: 1317-33-5) as a precursor
was mixed with 40 ml of thioglycolic acid (TGA) (Sigma-Aldrich, CAS Number: 68-111) and bath sonicated (Emerson, Branson DHA-1000, 40 kHz 1000 W) for 24 hrs. The role
of TGA is to functionalize the MoS2, which allows a more efficient and easier way of
exfoliation of MoS2 sheets. Moreover, some molecules of TGA are being attached to the
MoS2-QDs with carboxylic acid groups, which transforms hydrophobic dots into
hydrophilic ones making them soluble in water. [9-10] After sonication 400 ml of
deionized water was added to the solution with a further 6 hrs of bath sonication. Next, the
solution was left to sediment for 12 hrs with further decantation of MoS2-TGA solution
into the clean beaker. This solution has been further centrifuged at 8000 rpm for 1 hr in
order to remove large particles and then refluxed at 373 K with further filtration through a
25 nm pour-size filter (MF-Millipore® Membrane Filter, SKU: VSWP02500).

3.2.2

Graphene based nanoplatelets synthesis

The GNP-RNA solution has been made via the liquid exfoliation method as in Sharifi et
al. [15] For that, RNA VI (Sigma Aldrich, CAS 63231-63-0) has been fully dissolved in
deionized water at the concentration of 0.6 g/L to act as a surfactant for the graphene based
nanoplatelets. At first, nanocrystalline graphite (Sigma-Aldrich, CAS Number: 7782-425) was mixed with sulfuric and nitric acids solution (H2SO4:HNO3 = 1:3 in volume ratio)
for the expansion of graphite following the bath sonication for 24 hrs. [15] Second, the
solution was diluted with deionized water and filtrated onto a 0.4 um pore filter (Millipore,
HTTP0903) to remove the acid. After that obtained graphite powder was mixed with
piranha solution (H2O2:H2SO4 = 1:3) to functionalize graphite which would result in easier
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exfoliation of graphene sheets in the next steps and steered for 30 min. Then the solution
was diluted 7 times with the deionized water and filtrated onto the 0.4 um pore filter.
Pretreated graphite was added to the previously synthesized RNA VI solution at the
concentration of 0.06 g/L. After that, the solution was tip sonicated (VCX 500 Sonicator,
500 Watts, frequency: 20 kHz) for 4 hrs. Following the sonication, GNP-RNA solution
was kept for sedimentation for 24 hrs at 2 degrees Celsius to let large chunks of graphite
in solution precipitate. Then top part of the solution had been decanted to the clear beaker
was treated with further centrifugation at 8000 rpm for 1 hr for removing heavy
unexfoliated graphite particles. The solution was stored at 2 degrees Celsius for further
synthesis.

3.2.3

Molybdenum disulfide quantum dots on graphene based
nanoplatelets: sample preparation

In Figure 3.2 the schematic of the vacuum filtration system is depicted. This system has
been used for the synthesis of MoS2-QDs and GNP composite. At first, GNP-RNA solution
has been filtrated onto a 25 nm porous membrane. Then 20 ml of synthesized MoS2-QDs
solution has been filtrated onto the same membrane resulting in the deposition of MoS2QDs onto the previously deposited GNP on the filter.
To understand how the presence of GNP affects the optical properties of MoS2-QDs,
different amounts (10 ml – MoS2-QDs@GNP1, 20 ml – MoS2-QDs@GNP2, and 30 ml –
MoS2-QDs@GNP3) of GNP-RNA solution were filtrated onto a 25 nm pours membrane.
Further, our composites were transfer-printed onto a p-doped silicon substrate, as for
performing the XANES in electron yield, it is essential to have a conductive substrate. In
the end, all samples were annealed at 550 oC for 30 minutes in the nitrogen atmosphere in
the glove box to remove RNA aggregates.
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Membrane
filter

Vacuum
source

Figure 3.2: Schematics of vacuum filtration system, which has been used for deposition
of MoS2-QDs onto graphene based nanoplatelets. At first GNP-RNA solution was filtrated
with deposition of graphene based nanoplatelets onto the membrane. Then MoS2-QDs
solution was filtrated resulting in deposition of MoS2-QDs onto the graphene based
nanoplatelets.

Figure 3.3: Schematics of the synthesized structure of MoS2-QDs@GNP. Schematics
demonstrates the model of how atoms of our materials are oriented in the sample. Nature
of these interactions is being studied further.
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3.2.4

TEM/SEM/AFM characterization

In order to measure the particle size of our synthesized MoS2-QDs, transmission electron
microscopy (TEM) was done with the Philips CM 10 TEM at the Biotron Experimental
Research Centre at Western University. The and NANOSPRT5 camera with exposure of
268(ms)x10 std. frames and acceleration voltage of 80 keV have been used. The MoS2QDs solution was drop coated onto the TEM grid (PELCO® Pitch 51µm; Hole Width
28µm; Bar Width 23µm; Transmission 30%) to perform the measurements.
SEM was used for the morphology analysis of MoS2-QDs@GNP samples. It has been done
with the LEO 1530 SEM at the Nanofabrication Facility at Western University. Samples
were mounted onto the flat sample holder with double-sided carbon tape. The acceleration
voltage of electrons was set to 1 keV with the working distance of 4 mm and the secondary
electron detector was used for imagining, the vacuum in the chamber was kept as 5∙10-6
mbar, while the vacuum in the gun area was kept at 9·10-9 mbar.
AFM microscopy images were made by using Witec Alpha300S AFM microscope in the
non-contact mode with silicon cantilever tips (Nano Sensors Inc.) at 75 kHz resonant
frequency and 1.5 N/m force driving amplitude in order to achieve the best signal quality.
The scanning area was set to 2 um2 with a scanning speed of 7 sec per line for the best
quality image.

3.2.5

UV-VIS/Photoluminescence characterization

UV-VIS absorption spectroscopy in the range of 200 nm to 800 nm was performed with
the Varian DMS 80 UV-VIS dual beam spectrometer. Measurements were performed in
the transmission mode on the liquid solution of MoS2-QDs, which was put into the quartz
cuvettes in order to do measurements.
Photoluminescence was performed with the HYPEPER-NOVA ER-TEC-400 spectrometer
applying 405 nm diode laser (500 mW Apinex) on the sample of solution MoS2-QDs,
which was drop-coated onto the p-doped silicon substrate. Photoluminescence
measurements were performed on the solid sample, as it allowed to achieve a better quality
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of photoluminescence signal than in the liquid sample due to smaller scattering and
reabsorption in the solid sample.

3.2.6

X-ray near edge absorption spectroscopy characterization

In order to understand and analyze the nature of the interaction between GNP and MoS2
quantum dots, the XANES studies were performed at the SXRMB (06B1-1) and the SGM
(11ID-1) synchrotron beamlines at the Canadian Light Source (CLS) facility for Mo L3, S
K, and C K-edges. The SXRMB beamline’s source is a bending magnet, which provides
an energy range of 1.7 – 10 keV. Measurements were done at the XAFS end station. The
toroidal mirror is being used for focusing. The SGM beamline’s source is an elliptically
polarizing undulator, which provides an energy range of 250 – 2000 eV. The Au coated
toroidal mirror is being used for focusing.
As the Mo L3 edge has an absorption around 2520 eV, the scan was done in the range of
2490 eV – 2580 eV. For the S K edge, which has absorption around 2472 eV, the scan was
done in the range of 2442 eV – 2522 eV. For the C K edge with absorption around 284 eV,
the scan was done in the range of 270 eV – 320 eV. To remove possible contamination
signals of C K edge, which comes from optics in the SGM beamline, the BN signal was
used for normalization of obtained data.

3.3
3.3.1

Results and discussion
Characterization of molybdenum disulfide quantum dots: free
standing and on graphene based nanoplatelets

Figure 3.4a demonstrates the TEM image of synthesized quantum dots on the TEM grid
and Figure 3.4b shows the average statistical distribution of quantum dots’ sizes, it can be
seen that the average size of MoS2-QDs is in the range of 6 – 16 nm with the maximum
number of dots having a diameter of about 11 nm with a spherical shape.
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Figure 3.4: (a) TEM image of synthesized MoS2-QDs: 1 – quantum dot, 2 – residue from
TGA; (b) Statistical distribution of MoS2-QDs sizes based on TEM image. The image
shows the average distribution of synthesized MoS2-QDs in size based on TEM with most
of the particles having a size of ~11 nm.

Figure 3.5: SEM images of synthesized colloidal MoS2-QDs free standing and on GNP:
(a) SEM image of colloidal MoS2-QDs film; (b) SEM image of MoS2-QDs+GNP1 film;
(c) SEM image of MoS2-QDs+GNP2 film; (d) SEM image of MoS2-QDs+GNP3 film.
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Figure 3.6: Thickness profile of synthesized films was done by AFM: (a) AFM of MoS2QDs film; (b) AFM of MoS2-QDs+GNP2. The average size of colloidal MoS2-QDs film
was thicker due to the better film quality, the average thickness of MoS2-QDs@GNP
composites is ~ 4.5 nm.
Figure 3.5 (a), (b), (c), and (d) demonstrates scanning electron microscopy (SEM) images
of synthesized samples, while Figure 3.6(a) and (b) are showing the atomic force
microscopy of most representative samples. The morphology of GNP clear can be seen in
samples (b), (c), and (d) from Figure 3.5, it can be seen that the size of our exfoliated
graphene based nanoplatelets is up to 1.5 um in cross section of the flakes. The quality of
the film improved with the amount of GNP. As the resolution of SEM is lower compare to
TEM it is hard to clearly distinguish MoS2 quantum dots on GNP sheets, as the average
size of MoS2-QDs is of the order of 11 nm based on the TEM analysis. AFM is
demonstrating that the average thickness of our MoS2-QDs@GNP composite is of the order
of 4.5 nm based on the cross-sectional thickness of individual platelets, while the colloidal
MoS2-QDs film appeared to be thicker due to the larger amount of MoS2-QDs solution
being filtrated onto the membrane filter during the synthesis process.
Figure 3.7 is showing the absorbance and luminescence spectra of synthesized quantum
dots. It can be seen that peak A at ~2.05 eV in Figure 3.7 and 3.9 is corresponding to peaks
A1 and B1 in Figure 3.1a, and the intensities of these optical transitions are dramatically
decreasing relatively to the whole absorption spectrum in our MoS2-QDs. Moreover, peak
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A is not being affected by changing the concentration of MoS2 precursor during our
synthesis, as it can be seen from Figure 3.8.
Peak C1 at 2.7 eV in Figure 3.7 corresponds to peaks C and D in Figure 3.1a, which is due
to the direct transitions at the M point of the Brillouin zone. Moreover, the intensity of this
peak is increasing, when we are increasing the quantity of our MoS2 precursor,
corresponding to the higher yield of the quantity of quantum dots. As these transitions
remain unaffected by the reduced particle size, while the peak A transitions are vanishing,
it is most likely that optical absorption is being affected by the presence of non-polar
functionalization groups. Such groups, being randomly arranged at the edge of these
nanocrystals, decrease the symmetry of the nanocrystal, thus limiting the k-space selection
rules and broadening the A-point transitions along the energy axis to a degree that make
them undetectable. Conversely, the same effect cannot be ascribed entirely to quantum
confinement because A-peak transitions have been observed by other authors in in
nonfunctionalized MoS2 nanocrystals of similar dimensions, but without functional
groups. [11]

Thioglycolic acid
Solution of MoS2-QDs
Photoluminescence of MoS2-QDs F2
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Figure 3.7: Optical absorption spectra of MoS2-QDs in solution and thioglycolic acid with
photoluminescence (PL) spectra of MoS2-QDs with 405 nm (3.06 eV) excitation energy.
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Figure 3.18: Optical absorption spectra of MoS2-QDs in solution with different amounts
of MoS2 powder as a precursor.
Absorption in the region F1 in Figure 3.7 at ~4-4.2 eV consists of absorption from the
presence of thioglycolic acid residue as it can be seen from the optical absorption of
thioglycolic acid with the maximum peak at F2 ~4 eV, while Peak Z at ~4.3 eV can be
related to the Z peak in Figure 3.1a.
If Wilcoxon’s et al. [11] conclusions about the reason for optical transitions due to quantum
confinement could be applied to our synthesized MoS2-QDs the C and D transitions at the
M point of MoS2 band structure would be more dramatically affected by localization in
colloidal quantum dots than A1 and B1 transitions at the K point. However, this is not the
case, as it can be seen from the optical absorption of the MoS2-QDs’ spectrum in Figure
3.7. Therefore, we are addressing and explaining this point further through X-ray near-edge
spectroscopy, as it probes the conduction band of the studied material providing us the
information about the available densities of states. [14]
It can be seen from Figure 3.7 that the excitation energy of ~3.06 eV causes the
luminescence peak to occur at ~2.7 eV matching the optical absorption peak C1, which
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corresponds to the direct recombination of excited electrons and holes at the M point of
Brillouin Zone.

3.3.2

X-ray near-edge absorption studies of molybdenum disulfide
quantum dots on graphene based nanoplatelets composites

As the valence band of MoS2 is much smoother than the conduction band, changes there
would be smaller and therefore less significant. [11] Moreover, it can be said that the Mo
edge is more critical for us, as the conduction densities of states are mostly made up of Mo
species. [16] XANES spectroscopy was done with FY and TEY modes. FY is bulk
sensitive, while TEY is surface sensitive.
Figures 3.9 and 3.10 are showing TEY and FY spectra for the Mo L3 and S K XANES
edges respectively. It should be noted that, Mo L3 and S K-edge tracks the unoccupied
densities of states of Mo 4d and S 3p characters, respectively according to the dipole
selection rule. It can be seen in Figure 3.9c that in FY mode the bulk MoS2 spectrum is
matching with MoS2-QDs in terms of peak positions, while in the TEY mode (Figure 3.9a)
the MoS2 peak is slightly more shifted towards the higher energy with the energy difference
between A and B ~0.8 eV with additional peak C rising, while peak D is vanishing, which
is an effect of remained attached carboxyl functionalized groups to the surface, as TEY
signal provide us information about the surface of our quantum dots. Considering Figure
3.10c it can be seen that first peaks F1 for MoS2-QDs and MoS2 Bulk are matching, while
peak M1 is disappearing in MoS2-QDs and peaks K1 and L1 are merging into one peak J1
due to the localization of states in MoS2-QDs. When we are comparing spectra of bulk and
quantum dots in TEY mode in Figure 3.10a, it can be seen that the situation for the peaks
L, M, K is the same, as for peaks K1, L1, M1 in FY mode. Peak E is matching with peak
F, but additional peak G at ~2472 eV appears, which can be related to the MoS3 phase [17],
as the surface of the dot is going to have defects which might be due to the appearance of
the MoS3 phase on the surface, which causes the change in the charge distribution on the
surface of our dot.
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Figure 3.9b, d and Figure 3.10b, d displays a comparison between MoS2-QDs free-standing
spectrum and spectra of MoS2-QDs on GNP. In both figures 3.9b and 3.9d, the shift to the
higher energy of the main Mo L3 white line (transition to the bottom of the conduction
band, tracking unoccupied densities of states of Mo 4d character or d holes) is being
observed. This shift increases, as the amount of GNP increases relative to the amount of
quantum dots in our composites. The summary for energy shifts relatively to MoS2-QDs
white line can be seen in Table 3.1. Moreover, the intensity of peak C is also increasing
with the presence of GNP. These changes appear due to charge redistribution and due to
Van der Waals interactions between GNP and MoS2-QDs, resulting in charge redistribution
with Mo losing 4d charge.
Figures 3.10 b and d are also demonstrating an energy shift to the hire energy of the white
line of S K edge for MoS2-QDs on GNP relative to the free standing MoS2-QDs, but this
energy shit is the same for all three tested samples and it is ~2 eV. This energy shift is
higher rather than the shift observed for the Mo L3 edge, as sulfur atoms are stronger
affected by Van der Waals interaction of GNP and MoS2-QDs, but we don’t observe
different shifts for the different samples as available states in the conduction band of MoS2
are mostly dominated by Mo species. [16]
Table 3.1: Summary of the energy shifts for Mo L3 edge relative to MoS2-QDs edge
Sample name

Energy shift in TEY, eV

Energy shift in FY, eV

MoS2-QD@GNP1

0.18

0.5

MoS2-QD@GNP2

0.22

0.55

MoS2-QD@GNP3

0.45

0.8

The synthesized samples represent a layered model on the atomic level, where sulfur atoms
of MoS2-QDs are interacting with GNP through the van der Waals forces, which resulted
in the S K-edge shift. Mo atoms are positioned between sulfur atoms and they are being
affected mostly by the attached carboxylic groups after TGA functionalization and
quantum confinement effect resulting in the shift of Mo L3 edge.
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Figure 3.9: XANES spectra comparison of Mo L3 edges for MoS2-QDs free standing and
on GNP: (a) TEY XANES spectra of Mo L3 edge for MoS2 bulk and quantum dots; (b)
TEY XANES spectra of Mo L3 edge for MoS2 quantum dots free standing; (c) FY XANES
spectra of Mo L3 edge for MoS2 bulk and quantum dots; (d) FY XANES spectra of Mo L3
edge for MoS2 quantum dots free standing.
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Figure 3.10: XANES spectra comparison of S K edges for MoS2-QDs free standing and
on GNP: (a) TEY XANES spectra of S K edge for MoS2 bulk and quantum dots; (b) TEY
XANES spectra of S K edge for MoS2 quantum dots free standing; (c) FY XANES spectra
of S K edge for MoS2 bulk and quantum dots; (d) FY XANES spectra of S K edge for
MoS2 quantum dots free standing.
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Figure 3.11: XANES spectra comparison of C K edges for GNP and on MoS2-QDs on
GNP: a) TEY XANES spectra of C K edge for GNP and MoS2-QDs on GNP samples; b)
FY XANES spectra of C K edge for GNP and MoS2-QDs on GNP samples.
Figures 3.11a and 3.11b are showing FY and TEY spectra of C K edge for graphene based
nanoplatelets and MoS2-QDs on GNP. It can be seen that there is no particular difference
in the spectra and all carbon features of graphene are being conserved showing the
characteristic * and * resonance at ~ 285 and ~293 eV respectively, without any energy
shift the presence of MoS2-QDs, which means that conduction band of graphene is not
being significantly impacted by the presence of quantum dots on its surface and keeps its
characteristic features. Moreover, FY and TEY spectra are nearly identical with small
differences due to the difference in the signal quality, which corresponds to the nature of
2D material.
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3.3.3

Discussion and UV-VIS spectra interpretation

Based on the obtained XANES data of Mo L3 and S K edges we can derive the imaginary
part of the dielectric constant ε2 (equation 3.1) which would be proportional to the
absorption coefficient α (equation 3.2). [18] In order to do that, the valence density of states
of MoS2-QDs is being simulated as a step function due to its 2D nature and being planelike. [8,13] By making the convolution product of valence and conduction densities of
states we are getting the jDOS for our absorption coefficient calculations. For the constant
dipole matrix element, we are getting the equation 3.4, while the constant momentum will
be described by the equation 3.5.
The imaginary part of dielectric constant ε2 with one electron approximation could be
defined at 0 K could be defined with densities of states as following [18]:
ℏ2

2

𝑄 2 4

𝜀2 = (2𝜋𝑒 ) ( )
𝑚

𝐸

𝐸

𝜈𝜌𝑎

∫0 𝑁0 (𝑍 − 𝐸)𝑁𝑢 (𝑍)𝑑𝑍 ;

(3.1)

where e is the electron charge; ℏ - Plank’s constant; m – effective mass; Q – optical
transition’s matrix element; N0 – density of occupied states; Nu – density of unoccupied
states; E – photon energy; ν – number of valence electrons per atom; ρα – atomic density.
The optical absorption coefficient is determined by following relation with ε2[18]:
𝛼(𝐸) =

2𝜋
ℎ𝑐𝑛

𝐸𝜀2 (𝐸);

(3.2)

where c is a speed of light and n is a refractive index.
Then it can be stated that [18]:
𝐾

𝐸

𝛼(𝐸) = ∫0 𝑁0 (𝑍 − 𝐸)𝑁𝑢 (𝑍)𝑑𝑍 ;
𝐸
where 𝐾 =

(2𝜋ℏ)3 𝑒 2
𝑚2 𝑐𝑛

𝑄2

4
𝜈𝜌𝑎

(3.3)

.

Experimentally obtained XANES data is providing information about the unoccupied
cDOS of MoS2-QDs on GNP. In order to set normalized XANES as cDOS the abscissa
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scale has to be set as E-E0, where E is the photon energy and E0 the inflection point of the
main peak in the 1st derivative of XANES. Next, No for our material could be simulated as
a step function due to its plane-like nature based on the band diagram. [11] For further
calculations, the matrix element Q should be set as a constant dipole or constant momentum
matrix element to define our absorption coefficient. If Q is set as constant dipole – equation
3.13 for α is obtained, while for constant matrix element α will be defined by equation 3.14.
𝐾

𝐸

𝛼1 (𝐸) = ∫0 𝑁0 (𝑍 − 𝐸)𝑁𝑢 (𝑍)𝑑𝑍 ;
𝐸

(3.4)

𝐸

𝛼2 (𝐸) = 𝐾𝐸 2 ∫0 𝑁0 (𝑍 − 𝐸)𝑁𝑢 (𝑍)𝑑𝑍 ;

(3.5)

The total absorption coefficient is defined by the sum of obtained absorption coefficients
derived from Mo L3 edge and S K edge.
Absorption spectra calculated with the
constant momentum matrix element
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Figure 3.12: Calculated total absorption coefficient with constant momentum matrix
element for both Mo L3 and S K edges of synthesized samples in comparison with the
experimentally obtained UV-VIS of MoS2-QDs.
Figure 3.12 is showing the calculated total absorption coefficient of synthesized samples
with constant momentum matrix element for both Mo L3 and S K cDOS. The presence of
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GNP causes the blue shift of absorption peak for calculated absorption spectra due to the
localization of available states in our material. Experimental UV-VIS absorption spectrum
is matching both C and Z peaks with the wide absorption peak of calculated spectra, with
the center of wide peak matching peak Z meaning that direct transitions at the M point are
dominant in that case.
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Figure 3.13: Calculated total absorption coefficient with constant dipole matrix element
for both Mo L3 and S K edges of synthesized samples in comparison with the
experimentally obtained UV-VIS of MoS2-QDs.
Figure 3.13 is demonstrating the total absorption coefficient of synthesized samples with
constant dipole matrix element for both Mo L3 and S K cDOS. All samples in the studied
region of 1 – 6.5 eV are demonstrating the exponential rise of the absorption, with a more
rapid rise for the samples with GNP. This behavior of calculated absorption coefficient
mismatches with the obtained experimental data meaning that setting constant dipole
matrix element for both Mo L3 and S K cDOS in the calculation of total absorption
coefficient is not suitable in the studied energy range.
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Absorption spectra calculated with the
constant dipole matrix element for Mo and constant momentum for S
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Figure 3.14: Calculated total absorption coefficient with constant dipole matrix element
for Mo L3 and constant momentum matrix element for S K edges of synthesized samples
in comparison with the experimentally obtained UV-VIS of MoS2-QDs.
Figure 3.14 is demonstrating the total absorption coefficient of synthesized samples with
constant dipole matrix element for Mo L3 and constant momentum matrix element for S K
cDOS. It can be seen that the absorption peak is broader compare to the situation when
both initial cDOS have constant momentum matrix element. The absorption peak is shifted
to the blue region in the presence of GNP, as a result of van der Waals interactions between
quantum dots and GNP. The experimental absorption spectrum’s peaks of MoS2-QDs are
in the region of theoretically calculated absorption peaks, but the theoretical absorption is
much broader compare to the position of absorption peaks in the experimental results.
When we have constant momentum matrix element for Mo L3 and constant momentum
dipole element for S K cDOS resulted in total absorption coefficient is having same
features and behavior as in the previous case.
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Overall, it can be stated that the constant-dipole matrix element assumption (Figure 3.13)
works better at low photon energies (1.5-2.3 eV) close to the band gap of MoS2-QDs, while
the constant-momentum matrix element assumption (Figure 3.12) has found to reproduce
the overall trend of the optical absorption coefficient of MoS2-QDs in the fundamental
absorption region (2.3-6.0 eV) except for the specific peaks relating to the critical points
(M and K) in the electronic band structure of MoS2.

3.4

Conclusion

In conclusion, we have synthesized the MoS2-QDs free standing and on graphene based
nanoplatelets structure. We have demonstrated the effect of GNP on the electronic structure
of MoS2-QDs and their optical properties. It has been shown based on UV-VIS
spectroscopy that transitions at the M point are becoming dominant, while transitions at K
point are decreasing in intensity.
The presence of GNP affects Mo and S densities of states in the conduction band through
the van der Waals interactions. Correlation between the amount of graphene and energy
shift in the Mo L3 edge was observed, as more GNP was introduced to the composite, it
caused the larger energy shift due to the charge transfer and localization of available states.
MoS2-QDs@GNP interaction results in noticeable charge redistribution in that Mo loses
4d charges. The larger shift in the S K edge is due to the van der Waals interactions between
GNP and MoS2-QDs, as due to crystalline structural properties of MoS2, its sulfur atoms
are directly interacting with carbon atoms of GNP, which results in higher energy shift if
comparing to Mo L3 edge. Analysis of the carbon K edge showed that GNP electronic
structure remains almost unaffected when quantum dots are being introduced, which makes
it a good supportive material for future device fabrication with MoS2-QDs.
Simulated absorption coefficient spectra have shown that the presence of GNP is causing
the shift of absorption coefficient of MoS2-QDs to UV spectra and that the total absorbance
obtained experimentally with UV-VIS spectrometer of MoS2-QDs is in the same region as
the absorbance of simulated spectra based on obtained XANES data when the cDOS of Mo
L3 and S K is set with constant momentum matrix element.
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Chapter 4

4

Synthesis and optical properties of tin based

nanoparticles
4.1 Introduction
Metal and metal oxide nanoparticles have a crucial role in the modern world in material
sciences, engineering, chemistry, and more. Their compounds are able to provide a large
variety of characteristics such as metallic, semiconductor, or insulator due to their ability
to form a vast diversity of metal oxides. These nanoparticles have found application in
catalysis, electronics, optics, gas and biosensors, water purification, batteries, and more.
[1] Moreover, such metal nanoparticles as gold, copper and silver exhibit plasmonic
resonance resulting in absorption in the visible region of the spectrum.
Tin is a wildly studied metal, which has found a variety of applications in the
semiconductor industry especially in the form of different alloys. The study of tin
nanoparticles mostly focused on their application for soldering on the small scales for
decreasing the melting point for the applied solder. [2] Tin oxide nanoparticles have two
forms depending on the oxidation state of tin: SnO and SnO2. They are one of the most
important semiconductors metal oxides and have found applications in catalysis, anti-static
coating, solar cells, optoelectronic devices, and resistors. Integration of Sn and SnOx
nanoparticles, which are 0D materials onto the surface of graphene is of particular interest,
which might increase the capabilities of charge transfer in batteries for instance, or used as
a sensor, or application for the creation of porous graphene. [3,4]
Here we introduce a modified method of synthesis of Sn-SnOx nanoparticles via modified
chemical reduction method and disproportionation in air and nitrogen atmosphere with the
study of its optical properties. The future work would involve the integration of synthesized
particles onto the surface of 2D material and the study of optical properties of this
composite.

76

4.2
4.2.1

Experimental
Synthesis of Sn nanoparticles

Sn nanoparticles were synthesized in two ways under the air and the nitrogen atmosphere.
For the synthesis under the air at first tin (II) acetate (Sigma Aldrich, CAS Number: 63839-1) has been mixed with THN (Sigma Aldrich, CAS Number: 119-64-2) in the
concentration of 37.5g/L and bath sonicated (Emerson, Branson DHA-1000, 40 kHz 1000
W) for 15 min. NaBH4 (Sigma Aldrich, CAS Number: 16940-66-2) has been mixed with
liquid dodecylamine (124-22-1) at 50 oC in concentration 125 g/L. After that, the solution
of tin (II) acetate has been mixed with a solution of NaBH4 and left stirring at 800 rpm at
room temperature for 12 hrs.

Figure 4.1: Schematics of the system built for the nanoparticle synthesis of Sn and SnOx
in the nitrogen atmosphere. This system allows to prevent oxidation of nanoparticles
during the synthesis process from oxygen in the air.
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System depicted in Figure 4.1 has been assembled for the synthesis in the nitrogen
atmosphere. Flasks 1,2, and 3 are sealed. Flask 4 is filled with ethylene glycol with the end
of the exhaust line submerged into it to prevent back streaming of oxygen from the
atmosphere. At first, the premixed solution of tin (II) acetate in THN with a concentration
of 37.5 g/L is put into flask 1, powder of NaBH4 into flask 2, and dodecylamine, which is
the capping agent, in flask 3 in Figure 4.1. Then the nitrogen gas has been flown through
the system for 1 hr to remove the oxygen with both nitrogen lines 1 and 2 open. The hot
plate and heating mantle have been set to 50 oC to keep dodecylamine in the liquid form.
Then nitrogen line 2 was closed, which allows to produce enough pressure in flask 3 for
transferring of dodecylamine to flask 2 resulting in a mix of dodecylamine and NaBH4 for
5 min at 800 rpm. Then the nitrogen line 2 had been closed and nitrogen line 1 was opened
providing enough gas pressure for the transfer of tin (II) acetate solution to flask 3
dropwise. The solution was mixed in flask 3 for 12 hrs overnight at room temperature and
transferred to the clean beaker afterward.
After the synthesis solutions were sedimented for 24 hrs to let the heavy particles
precipitate. Figure 4.2 shows that the prepared solution could be divided into three parts:
supernatant, top grey part of sediment, and bottom black part of the sediment. In this work,
we analyze and compare synthesized samples prepared in air and in the N2 atmosphere.

a)

b)
v

Figure 4.2: The synthesized solution after 24 hrs of sedimentation: a) picture of
synthesized solution; b) schematic image of analyzed parts of the solution.
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4.2.2

SEM/EDX/XPS characterization

SEM and EDX analyses were carried out with a Zeiss LEO 1540XB, which is equipped
with the EDX detector Measurements were done by setting the acceleration voltage of the
microscope to 8 keV and working distance to 8 mm the vacuum in the chamber was kept
as 5∙10-6 mbar, while the vacuum in the gun area was kept at 9·10-9 mbar.
The XPS analyses were carried out with a Kratos AXIS Supra X-ray photoelectron
spectrometer using a monochromatic Al K(alpha) source (15mA, 15kV) at the Surface
Science Western at the Western University. X-ray photoelectron spectroscopy probes the
surface of the sample to a depth of 7 - 10 nm, and has detection limits ranging from 0.1 0.5 atomic percent depending on the element. The instrument work function was calibrated
to give a binding energy (BE) of 83.96 eV for the Au 4f7/2 line for metallic gold and the
spectrometer dispersion was adjusted to give a BE of 932.62 eV for the Cu 2p3/2 line of
metallic copper. The Kratos charge neutralizer system was used on all specimens. Survey
scan analyses were carried out with an analysis area of 300 x 700 microns and a pass energy
of 160 eV. High resolution analyses were carried out with an analysis area of 300 x 700
microns and a pass energy of 20 eV. Spectra have been charged corrected to the main line
of the C 1s spectrum (adventitious carbon) set to 284.8 eV. Spectra were analyzed using
Casa XPS software (version 2.3.14). For the analysis samples were spin-coated onto the
p-Si substrate. Analysis was carried out on the supernatant, top part and bottom parts of
precipitant for solutions prepared in air and in the N2 atmosphere and on the nonsedimented solution prepared in N2 atmosphere. Figure 4.2 shows example of synthesized
solution after 24 hrs of sedimentation and schematics of solution with the analyzed parts
via XPS study.
UV-VIS spectroscopy in the range of 400 nm to 800 nm was performed with the PerkinElmer

Lambda

19

UV/Vis/NIR

spectrophotometer

dual-beam

spectrometer.

Measurements were performed in the transmission mode on the liquid solution of SnOx
nanoparticles, which was put into the quartz cuvettes.
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Photoluminescence spectroscopy was performed with the Hypepernova Tec-400
spectrometer applying 405 nm diode laser (500 mW Apinex) on the sample of solution
SnOx nanoparticles, which was put into the quartz cuvette for the analysis.

4.3
4.3.1

Results and Discussion
Characterization of tin monoxide nanoparticles

Figures 4.3, 4.4, and 4.5 shows SEM images with the EDX spectra at specific points of
synthesized tin oxide nanoparticles embedded into the dodecylamine matrix, which has
been coated onto the p-Si substrate. The average nanoparticle’s diameter size is of the order
of ~30±5 nm based on the SEM images of supernatants (Figure 4.3a and 4.4a).
Nanoparticles have a spherical shape in supernatants, but in the sediment Figure 4.5a,
where the size of synthesized particles reaches 0.5 um the shape of particles becomes
tetragonal, which matches with the crystalline structure of SnO. [5]

b)

c)

Figure 4.3: SEM and EDX of synthesized supernatant in N2 atmosphere. SEM of SnOx
nanoparticles shows them embedded in the dodecylamine matrix. Two EDX spectra were
taken on the nanoparticle and in the “nanoparticle free” spots for comparison: a) SEM
image of synthesized material; b) EDX spectrum in the area with SnOx nanoparticle; b)
EDX spectrum in the area with no visible presence of SnOx nanoparticle.
b)
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a)

b)

c)

Figure 4.4: SEM and EDX of synthesized supernatant in air. SEM of SnOx nanoparticles
shows them embedded in the dodecylamine matrix. Two EDX spectra were taken on the
nanoparticle and in the “nanoparticle free” spots for comparison: a) SEM image of
synthesized material; b) EDX spectrum in the area with SnOx nanoparticle; b) EDX
spectrum in the area with no visible presence of SnOx nanoparticle.

b)

c)

Figure 4.5: SEM and EDX of synthesized precipitant in air. SEM of SnOx nanoparticles
shows them embedded in the dodecylamine matrix. Two EDX spectra were taken on the
nanoparticle and in the “nanoparticle free” spots for comparison: a) SEM image of
synthesized material; b) EDX spectrum in the area with SnOx nanoparticle; b) EDX
spectrum in the area with no visible presence of SnOx nanoparticle.
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The EDX analysis shows the presence of tin in the visible absence of nanoparticles (Figures
4.3c, 4.4c, 4.5c), which can be explained through the presence of smaller nanoparticles and
Sn residues. The concentration of O in particles synthesized in the N2 atmosphere (Figure
4.3b) is smaller than in the air, which can be a result of partial oxidation from air during
the synthesis process. Sodium signal in the EDX spectra is coming from the presence of
residues from NaBH4, while carbon signal is the result of dodecylamine presence and
products from the reduction of tin (II) acetate. The presence of oxygen signal in the sample,
which has been synthesized in the N2 atmosphere, can be explained by the COOH- groups
in tin (II) acetate precursor and presence of SiO2 signal from the substrate.
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SnOx in N2
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Figure 4.6: UV-VIS spectroscopy of synthesized SnOx nanoparticles in air and N2
atmosphere in the region of 400-800 nm. It can be seen that absorption of synthesized
particles is following the same trend.
Absorption spectra of supernatants for samples synthesized in air and N2 atmosphere are
depicted in Figure 4.6. These spectra have exponential growth of absorption between 1.8
eV up to 3.1 eV and exhibit the same features. Photoluminescence spectra are shown in
Figure 4.7. The supernatant part of the solution show peaks at 2.1 eV and small peak at 2.6
eV, which are in the range of SnO direct bandgap energy. The diluted sediment solution
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has a wide peak around 2.33 eV with lower intensity. The bigger width of this peak can be
explained by the wider distribution of nanoparticles.
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Figure 4.7: Photoluminescence spectra of synthesized SnOx nanoparticles with 405 nm
excitation. The plot compares supernatant luminescence spectra of particles synthesized in
air and in N2 atmosphere and sedimented part synthesized in the air. It can be seen that
synthesis in air or nitrogen atmosphere did not affect the PL peak, while the diluted
precipitant had a wider peak due to a larger variety of nanoparticles sizes.

4.3.2

XPS study of tin-based nanoparticles

Our approach towards the synthesis of nanoparticles was different from the described
literature, as the reduction process was done in the THN, which does not contain any OHgroups as well as other precursors. Therefore, XPS analysis of obtained nanoparticles is
crucial for understanding the chemical composition of the synthesized material. In order to
understand the oxidation state of Sn in synthesized nanoparticles, Sn 3d and O 1s peaks
should be looked at the high resolution in XPS, as their energy shifts will provide a piece
of necessary information about the chemical surrounding of our nanoparticle.

Sn 3d
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Figure 4.8: XPS spectra of Sn (II) acetate: a) general XPS spectra; b) high-resolution
spectrum of Sn 3d; c) high-resolution spectrum of O 1s. It is showing the initial binding
energies of our tin precursor.
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Table 3.2: Table of XPS peaks assignments for Sn 3d and O 1s.
Element and its
electron

Assignment

Peak position
(eV)

Standard
deviation (eV)

References

Sn 3d5/2

Sn (0)

484.9

0.5

7

Sn 3d5/2

SnO

486.5

0.5

6

Sn 3d5/2

SnO2

486.7

0.3

Sn 3d3/2

Sn (0)

493.3

0.5

7

Sn 3d3/2

SnO

495.2

0.5

6

Sn 3d3/2

SnO2

495.5

0.5

O 1s

SiO2

531.9

0.5

O 1s

SnO

530.5

0.5

a)

8

8
8
6

b)

Figure 4.9: XPS spectra of synthesized nanoparticles under different conditions: a) general
XPS spectrum of synthesized nanoparticles under the open air from the top of the solution;
b) general XPS spectrum of synthesized nanoparticles under nitrogen atmosphere from the
top of the solution.
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a)

b)

c)

d)

e)

f)

Figure 4.10: High-resolution XPS spectra of synthesized nanoparticles from the top part
of the solution under different conditions: a) spectrum of O 1s feature of nanoparticles from
the top part of the solution synthesized under the open air; b) spectrum of 3d5/2 feature of
nanoparticles from the top part of the solution synthesized under the open air; c) spectrum
of O 1s feature of nanoparticles from the top part of the solution synthesized in N2; d)
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spectrum of Sn 3d5/2 feature of nanoparticles from the top part of the solution synthesized
in N2; e) spectrum of O 1s feature of nanoparticles from the not sedimented solution after
synthesized in air; f) spectrum of Sn 3d5/2 feature of nanoparticles from the not sedimented
solution after synthesized in air.
Figure 4.8a is showing a general spectrum of Sn (II) acetate, while Figures 4.8b, c is
demonstrating high-resolution of Sn 3d5/2 and O 1s peaks for the tin (II) acetate. Si signal
in general XPS spectrum is coming from the p-Si substrate, O and C signals are registered
from the COOH group of acetate. Table 3.2 shows assignments of XPS peaks positions,
which are of our particular interest. Figure 4.8b shows the high-resolution spectrum of Sn
3d, peak at 495 eV corresponds to Sn 3d3/2 states, peak at 486.6 eV corresponds to Sn 3d5/2
state, this binding energy corresponds to the oxidation state +2 of Sn. Figure 4.8c shows
the high-resolution spectrum of O 1s species. The peak at 519.9 eV corresponds to the
signal from SiO2 of the substrate, while the peak at 530.43 eV is due to the oxygen in our
precursor.
Figure 4.9 demonstrates general XPS spectra of supernatants of synthesized solutions. The
nitrogen signal in these spectra is coming from the dodecylamine molecules, as they
contain -NH2 groups. Na and B signals are coming from the residue of sodium boron
hydrate after the reaction, their signals are stronger in not sedimented solution, which
means that over time these species are precipitating slowly. Peak Sn 3d becomes more
dominant in the supernatant after sedimentation, which can be a result of Sn nanoparticles
creation, which would have an oxidation shell.
Figure 4.10 shows high-resolution XPS spectra of Sn 3d and O 1s species of general
spectra. It can be seen in Figures 4.10b, d, f that the Sn 3d5/2 species have a peak around
486.5 eV, which correlates with the peak at 486.6 eV in Figure 4.8b meaning that the
oxidation state of Sn remains +2. The difference in 0.1 eV can be explained by just bonding
of Sn and O, while in tin (II) acetate Sn is linked to COOH groups. Figures 4.10a, c, e show
high-resolution XPS spectra of O 1s species of synthesized solutions. In Figure 4.10a, c
oxygen peak at 530.63 eV and 530.35 eV respectively and matches the literature values of
Stranick et al. for the tin monoxide. [6] Oxygen peaks at ~531.8 eV are due to the SiO2
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signal. In the not sedimented solution signal of O 1s is shifted to the higher binding energy,
which is the result of by-products of the reduction reaction, which hasn’t been precipitated.
Figure 4.11 shows XPS spectra of the top part of the precipitant after 24 hrs sedimentation.
In Figures 4.11b and d the Sn 3d5/2 peaks are 486.25 eV and 486.46 eV respectively, which
corresponds to the +2-oxidation state. However, an additional peak at the binding energies
of 484.07 eV and 484.15 appear in both spectra, it corresponds to the Sn0, which is a sign
of metallic tin presence. [7] As a result, it can be suggested that observed nanoparticles are
core-shell nanoparticles with SnO as a shell and Sn as a core. Figures 4.11a and c show O
1s high-resolution XPS spectra. These spectra exhibit similar features to the previous ones
with O 1s signals for tin monoxide and SiO2.

a)

c)

b)

d)

Figure 4.11: High-resolution XPS spectra of synthesized materials under different
conditions: a) spectrum of O 1s feature of nanoparticles form the top part of precipitant of
solution synthesized in air; b) spectrum of Sn 3d5/2 feature of nanoparticles from the top
part of precipitant of solution synthesized in air; c) spectrum of O 1s feature of

88

nanoparticles from the top part of precipitant of solution synthesized in N2; d) spectrum of
Sn 3d5/2 feature of the top part of precipitant of nanoparticles from the solution synthesized
in N2.

a)

c)

b)

d)

Figure 4.12: High-resolution XPS spectra of synthesized nanoparticles under different
conditions: a) spectrum of O 1s feature of nanoparticles from the bottom part of precipitant
of solution synthesized under the open air; b) spectrum of Sn 3d5/2 feature of nanoparticles
from the bottom part of precipitant of solution synthesized in air; c) spectrum of O 1s
feature of nanoparticles from the bottom part of precipitant of solution synthesized in N2;
d) spectrum of Sn 3d5/2 feature of nanoparticles from the bottom part of precipitant of
solution synthesized in N2.
Figure 4.12 shows high-resolution XPS spectra of the bottom part of synthesized solutions.
Figures 4.12b and d the Sn 3d5/2 peaks are 486.08 eV and 486.34 eV respectively, which

89

corresponds to the +2-oxidation state. However, peaks’ intensities are much lower
compared to the previous XPS spectra, which means that this signal comes from the
unreacted tin (II) acetate and heavy particles which have precipitated. O 1s spectra in
Figures 4.12a and c exhibit a signal for oxidation state +2 for Sn and SiO2.
It can be seen that the synthesis process which has been proposed for the creation of tin
based nanoparticles from tin (II) acetate results in the creation of mostly monoxide tin
based on the Sn 3d5/2 and O 1s features, which are the main characteristic peaks that help
to understand the oxidation stage of tin. Features, which correspond to the metallic tin,
have been also noticed in Figure 4.11b as a peak at 484.07 eV. As the metallic tin’s peak
is relatively small compared to the tin monoxide feature at 486.25 eV, it can be assumed
that the creation of metallic tin is happening due to the disproportionation reaction, when
freshly created tin monoxide is getting exposed to the resulting heat from the reaction of
tin (II) acetate and NaBH4. As a result, the disproportionation reaction also leads to the
creation of semiconductor tin dioxide nanoparticles. Having an ensemble of tin based
nanoparticles leads to the expansion of the spectra that could be absorbed when they are
implemented onto the graphene surface.

4.4

Conclusion

In conclusion, we have synthesized tin monoxide nanoparticles through the modified
reduction method. Preparation of our samples was performed in air and N2 atmosphere.
After investigation, more oxygen was present in the samples prepared in air based on EDX
results, but no significant difference was noticed in terms of the oxidation state of tin-based
on XPS results. SEM images reveal that the average size of synthesized nanoparticles in
the supernatant was 30 nm. Nanoparticles show luminescent peaks at 2.1 eV and 2.6 eV
with excitation at 3.06 eV. XPS analysis revealed the presence of metallic phase of tin in
the solution and tin monoxide, which leads to the assumption that synthesized nanoparticles
are core-shell with metallic tin core and tin monoxide as a shell.
Based on the analysis of synthesized nanoparticles it can be said that reduction method of
synthesis from tin (II) acetate leads to the creation of monoxide tin even in the oxygen-free
atmosphere according to the positions of characteristic peaks in XPS. On the other hand,
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disproportionation reaction of tin monoxide results in creation of metallic tin and tin (iv)
oxide after applying external heat to it. Which leads to the conclusion that only
disproportionation of tin monoxide from the heat release during the reduction process may
lead to the creation of metallic tin nanoparticles from stannous acetate. By having both tin
monoxide and tin dioxide nanoparticles it is possible to harvest a wider electromagnetic
spectrum when they are implemented onto the surface of graphene-based light harvest
material due to their difference
In future studies, prepared nanoparticles would be deposited onto the surface of graphene
for the study of their optical properties in the presence of graphene. For that synchrotron
studies are being planned such as X-ray absorption spectroscopy and X-ray emission
spectroscopy. That would allow understanding the distribution of states in the valence and
conduction bands in tin monoxide nanoparticles in the presence of graphene.
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Chapter 5

5

Conclusion and future work

5.1 Conclusion
In this thesis, we have studied various functional nanoparticles for their future application
in the light-harvesting system. In chapter 3, we have studied the effect of the GNP presence
on the optical properties and densities of states of colloidal MoS2-QDs with the help of
XANES. It has been noted that the presence of GNP affects mostly S K-edge due to the
van der Waals interactions between quantum dots and GNP, as sulfur atoms interact
directly with the surface of GNP. Mo species in the MoS2-QDs were mostly affected by
the quantum confinement effect and functionalization by TGA and the presence of GNP
doesn’t have a visible effect on the states of Mo. Analysis of carbon K-edge showed that
unoccupied states of GNP remain unaffected by the presence of MoS2-QDs. As a result,
our system represents a layered model, where sulfur atoms from MoS2-QDs are interacting
with GNP through van der Waals forces, and Mo species being stack between sulfur atoms
being affected mostly by the presence of functional groups and quantum confinement.
In chapter 4, a modified method for the synthesis of tin/tin oxide nanoparticles has been
introduced. With the help of XPS analysis, it has been revealed the presence of metallic
phase of tin in the solution and tin monoxide, which leads to the assumption that
synthesized nanoparticles are core-shell with metallic tin core and tin monoxide as a shell.
However, the reduction method mostly demonstrated the dominance of tin monoxide even
after the synthesis in the nitrogen atmosphere, which means that only through the
disproportionation reaction, which might appear after the heat release during the reaction
between tin (II) acetate and NaBH4, it is possible to obtain metallic tin nanoparticles from
tin (II) acetate. That leads to obtaining an ensemble of tin based nanoparticles in the system
that will expand wavelengths that can be absorbed. Overall, as tin monoxide nanoparticles
absorb in the visible and near-infrared range of an electromagnetic spectrum, it would be
of great use their combination with MoS2-QDs for the new generation graphene-based
light-harvesting systems.
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5.2 Future work
There is a big potential for future studies continuing the topic of this thesis. First of all, it
is a more detailed study on the disproportionation of tin monoxide nanoparticles for the
creation of metallic tin nanoparticles. Moreover, the integration of tin/tin oxide onto the
surface of graphene is of particular interest. Further combination of colloidal MoS2-QDs,
tin monoxide nanoparticles on the surface of graphene would be a step necessary for the
creation of a nanoparticles-based light harvester device with the broad absorption of the
desired electromagnetic spectrum.
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